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THE  MISSION  OF  AGARD 


According  to  its  ('hiirtcr.  the  mission  of  AGARD  is  t»)  bring  together  the  leading  personalities  of  the  N  A  I  < '  nations  ::i 
the  fields  of  science  and  technology  relating  to  aerospace  for  the  following  purposes: 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  lor  the 
common  benefit  of  the  NATO  community; 


—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  reseat  eh 
and  development  t"ith  particular  regard  to  its  military  application): 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture. 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development: 

—  Exchange  of  scientific  and  technical  information; 


—  Prov  iding  assistance  to  member  nations  for  the  purpose  of  increasing  ’heir  scientific  and  technical  potential. 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 
connection  with  research  end  development  problems  in  the  aerospace  field 

The  highest  authority  within  aGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  earned  out  through  the  Panels  w  hieh  are  composed  ot 
experts  appointed  by  the  National  D  .’legates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications 
Studies  Programme.  The  results  of  A  CARD  work  arc  reported  to  the  member  nations  and  the  NATO  AMp^nne*  ‘hrough 
the  AGARD  series  of  publications  of  w  hich  this  is  one. 


Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  N  AT( )  nations. 
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PREFACE 


The  Structures  and  Materials  Panel  has  been  involved  in  studies  of  fatigue  and  fracture  ot  critical  jet  engine  components 
for  many  years.  In  1982  a  Suh-commitlee  on  "Damage  Tolerance  Concepts  for  Critical  Engine  Components”  was  formed  to 
study  the  overall  philosophy  and  the  implications  of  introducing  damage  tolerance  concepts  (DTC)  into  the  design  and  use  ot 
critical  engine  components. 

The  damage  tolerance  philosophy  offers  potential  cost  savings  of  considerable  magnitude  when  compared  with  a  "safe- 
life*’  approach  provided  such  a  concept  can  be  implemented  with  an  assuiancc  that  current  safety  standards  will  not  be 
prejudiced.  As  an  example  of  possible  cost  savings,  it  has  been  estimated  that  over  80%  o»  engine  discs  have  ten  or  more  low 
cycle  fatigue  lives  remaining  when  discarded  under  "safe-life”  rules,  and  it  is  the  useful  remaining  life  that  DTC*  aims  to  exploit 
in  service.  Apart  from  economic  advantages,  the  DTC  approach  offers  a  practical  method  for  using  modern  high-strength  disc 
materials  that  could  be  rejected  by  the  application  of  "safe-life"  conditions  of  usage. 

?n  1 98 3  the  Sub-committee  on  Damage  Tolerance  Concepts  for  Critical  Engine  Comp*  ments.  under  the  chairmanship  of 
D.A.Fanner  (UK),  organized  a  Cooperative  Test  Programme  on  Damage  Tolerance  in  Titanium  Alloy  Engine  Disc  Materials. 
A  separate  Sub-committe  on  Engine  Discs  Cooperative  Tests  (TX*  114)  was  formed  to  direct  this  activity.  Over  the  years  the 
following  Panel  members  participated  in  the  sub-committee: 

A.Ankara  (TU) 

H.M.Burte  (US) 

H.J.GCarvalhinhos  (PO) 

M.N.CIark  (CA),  Chairman  1 983—85 
D.Coutsouradis  (BE) 

JJ.De  Luccia  (US) 

G. L. Denman  (US) 

A.Deruyttere  (BE) 

MDoruk  (TU) 

W.Elber(US) 

D. A.Fanner  (UK) 

JJ.Kacprzynski  (CA)  Chairman  1986— 

R.Labourdctte  (FR) 

J.SL.Leach  (UK) 

A.Salvetti  (IT) 

R.Schmidt(US) 

HP.  van  l. ecu  wen  (NL) 

W. Wallace  (CA) 

H. Zocher  (GE:.) 

The  cooperative  tests  were  performed  by  twelve  laboratories  represented  by 

J.Foth.  IABG.  GF. 

A.Frediani.  Univ.  of  Pisa.  IT 
C.Gostelow.  RAE  UK 
C.Harmsworth.  AFME.  US 
C. Howland.  RR,  UK 
R.HJeal,  RR.  UK 

E. lJ.Lee.  NADC.  US 
A.Liberge,  CEAT.  FR 
N  McLeod.  RR.  UK 
A  J  A  Mom.  NLR.  NL 
T.Pardevsus.  CEAT,  FR 
M.D.Raizenne.  NAF.  CA 
W'.Schiitz,  IABG.  GE 
P.Soolcy,  Univ.  of  Toronto.  CA 
J.Telesman,  NASA.  US 
M.Yanishcvsky.  QLTL.  CA 

C .Wilkinson.  RR.  UK 

The  coordinators  of  the  programme  were: 

for  Europe  —  A. J. A. Mom 

for  North  America  —  M.D.Raizenne 

As  a  result  of  the  very  large  size  of  the  test  programme,  it  appeared  to  be  convenient  from  an  administrative  point  of  view 
to  divide  it  into  a  Core  Programme  followed  bv  Supplemental  Programmes.  In  the  Core  Programme  all  the  laboratories 
performed  identical  fatigue  and  fracture  tests  for  one  material  at  constant  amplitude  and  at  room  temperature  a  summary 
these  tests  is  ineluded  in  the  present  report,  and  all  the  test  data  are  stored  at  the  National  Aeronautical  Establishment  of  the 
National  Research  Council  of  Canada  and  arc  available  on  request.  In  the  Supplementary  Programme,  now  in  progress,  three 


iu 


materials  are  tested  at  room  temperature  and  with  load  patterns  represented  In  Tl  RB1STAN.  High  lemperatuie  tests  ot 
fatigue  and  eraek  growth  will  he  performed  in  a  separate  programme 


The  part  of  the  Cooperative  Engine  Disc  Test  Fri^iammc  completed  to  date  produced  very  valuable  results  and 
represents  a  significant  progress  in  implementation  til  damage  tolerance  concepts  to  life  evaluation  of  engine  critical 
components.  Many  thanks  to  all  who  contributed  to  this  very  difficult  activity  and  particularly  to  the  participants  and  the 
coordinators.  Special  thanks  are  due  to  R.H.Jcal.  who.  in  spite  of  his  busy  professional  life  at  Rolls  Roycc.  was  a  catalyst  and 
strong  supporter  of  the  programme 

Many  thanks  to  participating  laboratories  and  particularly  to: 

Nl.R  —  for  producing  programme  reports,  bookkeeping,  fractogruphy  tests  and  analysis  of  test  data. 

Rolls  Royce  —  for  supplying  engine  discs  and  producing  test  specimens. 

NAE  —  for  data  collection,  statistical  analysis,  presentation  and  storing. 

01  TE  —  for  fractography  tests  on  selected  specimens. 

During  the  execution  of  this  test  programme,  close  cooperation  has  been  developed  with  participants  of  other  panels’ 
activities  and  particularly  with  the  Short  Cracks  Test  Cooperative  Programme  Not  onh  did  the  chairman  .f  that  sub¬ 
committee.  H.Zocher.  participate  as  an  Engine  Discs  Sub  committee  member,  hut  also  both  coordinators.  Dr  P  R. Edwards 
and  Dr  J.C. Newman  volunteered  to  participate  active';  Their  contribution  is  greatly  appreciated.  As  a  result  of  the 
cooperation  of  these  two  Sub-committees  an  additional  joint  test  programme  has  been  formulated.  It  is  now  m  progress  ami  the 
results  will  be  included  in  future  reports. 

The  objectives  of  the  Engine  Discs  Cooperative  Test  Programme  have  been  -veil  Even  more  than  was  planned  has 
been  achieved.  This  is  demonstrated  by  the  fact  that  each  of  the  participating  laboratories  independently  produced  results  is 
good  as  the  others.  T  his  may  diminisn  the  reluctance  to  use  other’s  data  lor  htc  determination  of  critical  components 

The  second  unplanned  achievement  was  the  development  ol  close  friendships  between  the  p.uticipants  As  a  result  of  this, 
a  person  performing  a  difficult  and  risky  life  evaluation  of  a  critical  engine  component  can  consult  his  friends  m  other  \  A  I  ( ) 
countries.  T  his  may  help  m  finding  better  solutions  to  our  common  problems 

The  development  of  close  cooperation  of  professionals  ol  N.\  I  ( )  countries  was  a  dream  of  Theodore  von  Karman  and  it 
is  a  pleasure  to  see  that  it  has  been  achieved 
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This  report  describes  the  initial  results  of  an  AGARD  test  programme  on  tatiguc  behaMour  of  engine  disc  materials.  The 
first  phase  of  this  programme,  the  C  ore  Programme,  was  aimed  at  test  procedure  and  specimen  standardisation  a*ul  calibr.itn  n 
of  the  various  laboratories.  A  detailed  working  document  has  been  prepared  and  is  included  in  this  i-’poil  It  describes  lhe 
testing  fundamentals  and  proeedures  and  includes  the  anaivsis  procedures  used  lor  handling  the  test  data 

Fatigue  crack  initiation  and  propagation  testing  was  performed  on  Ti-/»AI-4V  material  under  room  temperature  and 
constant  amplitude  loading  conditions  using  four  different  specimen  designs  All  results  were  statistically  analysed  loi  possible 
significant  differences  in  material  behaviour  due  to  disc  processing  variables,  specimen  location  m  the  disc  01  testing 
laboratory.  ,  ,1  //«.„  <!  .  *y..  .  *  "  r  p  > 

r\ 


(  c  rapport  presente  les  premiers  resultats  d  un  programme  de  tests  de  i'A(  i.ARD  k«ir  le  compor*. client  en  tatiguc  des 
materiaux  eonslitutifs  ties  disquesde  moteur.  l.a  premiere  phase  de  ce  programme,  appele  le  programme  <  ore.  a  poui  obicctil 
de  normaliser  les  procedures  d’essai  et  les  eehantilhms  et  de  proceder  a  i'etalonnagc  tics  apparciR  de  niesiite  detenus  par  ks 
differents  laboratoires  I  n  document  de  travail  detaille  a  etc  prepare  II  esi  imiu  a  ce  rapport.  II  tournit  une  desuipti.m  dcs 
principes  des  tests  el  des  procedures  utilisees.  x  compris  les  procedures  d  analvse  mises  en  oeuv  re  pour  le  depouillemcnt  des 
donnees  d«.  test. 

Des  tests  sur  le  debut  et  la  progression  des  fissurations  oe  fatigue  ont  etc  executes  sur  du  maiericl  Ii  r>.\|-4\  a 
temperature  ambiante.  avee  chargement  a  amplitude  constante.  en  utilisant  quatre  eehantillons  differents.  composes  du  meme 
materiau.  1. ’Ensemble  des  resultats  a  etc  analyse  siatistiquement  afin  de  not«  r  d’cxcniucls  ecarts  signitic.ilits  dam  le 
comportment  des  materiaux.  en  function  de  I’endroit  du  prelev ement  sur  le  disque.  diis  aux  parantetres  de  labrication  ct  auv 
techniques  employees  par  les  differents  i?ibor:*»oircs. 
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National  Aeronautical  Establishment 
National  Research  Council 
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Canada 

SUMMARY 


This  report  describes  the  initial  results  of  an  AGARD  test  programme  on  fatigue  behaviour  of  engine 
disc  materials.  The  first  phase  >i  this  programme,  the  CURE  programme,  was  aimed  ui  test  procedure  and 
specimen  standardization  ard  calibration  of  the  various  laboratories.  A  detailed  working  document  has  been 
prepared  and  is  included  in  this  report.  It  describes  the  testing  fundamenteis  and  urotedures  and  includes 
the  analysis  procedures  used  tor  handling  the  test  data. 

Fatigue  crack  initiation  an  a  p^p-g-t  testing  were  performed  on  Ti-bAl-^V  material  under  room 
temperature  and  constant  amplitude  loading  conditions  using  tour  different  specimen  designs.  All  results 
were  statistically  analysed  for  possible  significant  differences  in  material  behaviour  due  to  disc  ptu- 
cessing  variables,  specimen  location  in  the  disc  or  testing  laboratory. 

1 .  PREFACE 


The  results  in  this  report  are  a  col laborat ive  effort  ol  the  following  participants  and  their 
pr esentat ives  (in  parenthesis  the  code  name  ol  each  participant  used  throughout  the  text  is 
dicated) : 


National  Research  Council,  National  Aero 
(NAE),  Ottawa,  Canada;  M.D.  Raizenne 
Quality  Engineering  Test  Establishment  ( 


ucical  Establishment 


University  of  Pisa,  Pisa,  Italy 
(.-Diversity  of  Toronto,  Toronto, 


;  A.  Frediani 
Ca n  'da ;  V .  Soo lev 


Harmsworth 

(code : 

AF) 

A.  l.iberge.T 

.  Pardessus 

< code : 

CF.) 

W.  Schiitz,  ’ 

.  Foth 

(code: 

IA) 

t  .  V.  I.ee 

< code : 

SI)} 

'hio,  USA;  i. 

Tele sman 

i  c  od  e  : 

Nc) 

.A.  Mom 

(code : 

NT.'.' 

\  code : 

MO 

Yanishevskv 

(code : 

OL) 

Wilkinson, 

C  .  Cost  c*  low 

(code ; 

RAJ 

Howland 

(code : 

HR) 

(code : 

n .! 

(code: 
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INTRODUCTION 


The  AC, ARD  engine  disc  cooperative  test  programme  is  a  joint  international  effort  to  address  the  pro¬ 
blem  of  fatigue  crack  growth  and  fracture  of  disc  materials  under  operational  loading  conditions.  Know¬ 
ledge  of  fatigue  and  fracture  characteristics  is  a  major  requirement  before  a  damage  tolerance  disc,  llfir.g 
approach  can  be  successfully  implemented.  These  aspects  are  discussed  in  Reference  [l]  - -1  which  details 
are  given  below. 


For  airframe  structures,  the  damage  tolerance  design  approach  was  introduced  by  the  USAF  in  I970,  and 
it  has  been  effectively  applied  since  then  on  a  number  of  civil  and  military  aircraft  (MIL-STD- T^iO  and 
MI  I.-A-8 3444) .  However,  for  engine  components,  damage  tolerant  design  has  been  a  recent  development. 
Application  of  this  design  approach,  with  respect  to  disc  lifing,  is  currently  under  consideration  and 
occasionally  applied.  A  specification  c  engine  damage  tolerance  requirements,  Jisced  as  M1L-STR- I  783,  his 
recently  been  developed. 

Nevertheless ,  most  discs  are  currently  designed  based  upon  the  so-called  safe-life  phil.mnphy.  Both 
design  approaches  are  concisely  reviewed  below. 


Safe  life  'tesijn 

Currently  sate  life  design  is  still  the  most  widely  used  approach  in  the  lifing  of  engine  discs.  In 
this  respect,  "safe  life"  means  that  parrs  are  designed  for  a  finite  service  l  ife  during  which  n  '  signi¬ 
ficant  damage  will  occur.  No  critical  defects  are  assumed  to  be  present  in  the  new  structure  and  no  in¬ 
spections  are  required  during  the  design  life.  After  reaching  the  safe  life  limit,  the  part  is  retired 
from  service. 

With  respect  to  aircraft  engine  discs,  the  safe  life  is  defined  as  the  number  of  cycles  at  whi:h, 
statistically,  one  of  every  1000  components  will  develop  a  crack  of  0.8  mm  (1/32  in)  surface  length.  This 
crack  size  has  been  chosen  because: 

(1)  at  this  size,  high  cycle  fatigue  (HCF)  crack  growth  under  vibratory  conditions  would  not  yet  occur, 

(2)  this  crack  size  was,  for  existing  materials,  significantly  smaller  than  the  critical  crack  size  for 
rupture,  and 

(3)  a  0.8  mm  crack  was  considered  to  be  the  smallest  crack  detectable. 

The  «afe  life  design  of  discs  implies  that  999  out  of  1U00  components  are  rejected  based  on  the 
statistical  probability  of  a  crack  forming  without  actually  requiring  the  presence  of  a  detectable  crack. 
From  economic  considerations  this  is  nut  very  attractive.  It  lias  l*»en  shown  [2-4]  that  owing  to  a  large 

scatter  the  Hm*  to  initiate  and  g' -  -  '**■*#•  it  to  a  detectable  size,  most  of  these  retired  components 

still  h~ve  considerable  service  life  left.  If  components  could  oe  withdrawn  from  service  based  or  the  pre¬ 
sence  of  an  actual  crack,  then  a  much  better  usage  of  this  inherent  available  life  would  become  possible. 
This  latter  approach  is  in  essence  the  basis  of  the  damage  tolerance  design  philosophy. 


Lanage  tolerance  design 

In  damage  tolerance  design,  the  possibility  of  a  crack  or  detect  present  in  a  new  structure  is  ac¬ 
counted  tor.  Assuming  that  crack  growth  can  be  predicted  in  critical  locations  under  operational  loading 
conditions,  safe  inspection  intervals  can  be  established.  Regular  inspections  will  then  screen  out  those 
components  which  have  insufficient  life  to  be  returned  to  service,  as  indicated  in  Figure  I.  As  can  be 
seen  from  this  figure,  the  inspection  interval  is  based  on  the  maximum  allowable  crack  size  in  service, 
a  ,  the  minimum  reliabiy  detectable  crack  size  by  means  of  non  destructive  inspection  ( NO  I  >  or  other  tech¬ 
niques,  a^,  and  the  availability  of  crack  growth  data. 

From  the  foregoing  it  is  dear  that  several,  key  design  parameters  are  required  before  the  damage 
tolerance  lifing  approach  can  be  successfully  implemented: 

-  the  operational  load  history  of  discs, 

-  material  crack  growth  data  for  the  appropriate  loading  conditions,  and 

-  the  suitability  of  SDI  or  other  techniques  for  the  reliable  detection  of  verv  small  cracks. 

In  recent  years  considerable  progress  has  been  made  in  inspection  capability.  It  has  been  claimed  [5] 
that  under  proper  inspection  conditions,  working  with  well  motivated  people  and  very  special  equipment, 
cracks  of  0.375  mm  surface  length  and  U.125  mm  depth  can  be  detected  at  the  90  %  pr*.  oahi  1  lty/95  "  con¬ 
fidence  level.  At  present,  however,  it  seems  more  realistic  to  assume  a  crack  detection  capability  for 
cracks  of  at  least  0.750  x  0.375  mm  [6]. 

With  respect  to  monitoring  of  operational  load  parameters,  several  systems  are  presently  in  use,  e.g. 
the  AID  (Aircraft  Integrated  Data)  and  El)M  (Engine  Usage  Monitoring)  Systems.  Proper  analysis  of  the  re¬ 
corded  signal  to  enable  accurate  determination  of  lif®  consumat ion  or  crack  growth  prediction  is,  however, 
still  in  an  exploratory  stage.  A  considerable  amount  of  work  in  this  area  is  being  performed  by  the 
Turbistan  working  group,  with  the  goal  of  developing  a  standard  or  reference  load  sequence  for  gas  turbine 
d  iscs  [ 7] . 

The  third  basic  requirement,  essential  for  application  of  the  damage  tolercr.ee  philosophy,  is  know¬ 
ledge  about  material  crack  yrowth  and  fracture  behaviour  under  operational  conditions.  This  is  the  area 
which  the  current  AGARD  cooperative  test  programme  addresses.  An  extensive  amount  of  data  and  a  basic 
understanding  of  material  fatigue  crack  growth  behaviour  is  needed  before  damage  tolerance  iifing  pro¬ 
cedures  can  be  'mplemented.  By  adopting  che  common  erfort  of  a  number  of  laboratorf « .  ->  broad  data  base 
and  an  improved  knowledge  and  understanding  of  the  testing  techniques  could  be  realised.  This  was 
achieved  by  the  first  phase  of  this  collaborative  programme. 

3.  TEST  PkUCRAMMK  OBJECTIVES 

The  major  objectives  of  this  AGARF  coordinated  programme  are: 

-  the  determination  of  material  behaviour,  crack  initiation  and  propagation  characteristics  under 
realistic  engine  conditions,  and 

-  the  examination  of  the  ability  oi  fracture  mechanics  to  predict  crack  growth  behaviour  In  discs  under 
service  c  dicions. 

The  first  phase,  the  CORE  programme ,  was  Mm*»d  at  rest  and  specimen  stundardisat i'Jt.  »r,'<  familiari¬ 
sation.  and  c  ibrai  io..  „f  the  different  laborator  ies.  The  second  phase,  the  ..UPPI.EMENTAKY  programme,  will 
specifically  address  parameters  representative  of  real  service  opera  t .  ion-1 i ke  mission  loading,  sequence 
and  dwell  effects,  temperature ,  fatigue  thresholds,  etc.  In  addition,  life  prediction  methods,  their  ap¬ 
plicability  and  limitations,  will  be  addressed  in  this  phase. 

The  major  objectives  of  the  CORE  programme  are: 

f«.=llieris-'*r of  various  ’aboratories  in  North  America  and  Furope  with  new  test  techniques,  such  as 
the  potential  drop  technique  tor  crack  length  measn.  l-lr:  cr.  ed  H-^a  »  ■* 

-  standardization  of  test  specimens  and  test  techniques  for  engine  disc  materials, 

-  calibration  of  the  various  laboratories  via  a  round  robin  test  programme  in  order  to  gain  confidence  In 
each  other's  :e suits,  and 

-  material  data  collection,  using  Ti-bAl-4V,  tor  verification  of  life  prediction  techniques  used  in  damage 
tolerance  design  ot  engine  discs, 

-  ideal  if icat ion  and  documentation  of  data  analysis  techniques. 

The  set-up  of  the  CORE  programme,  rhe  test  procedures  and  the  results  are  presented  in  the  following 
sections . 

4  CORE  PROGRAMME 

4.1  CORE  Programme  Set-lip 

The  CORE  programme  test  matrix  is  shown  in  Fable  i.  Each  laboratory  performed  all  the  tests  in  the 
matrix  for  comparison  and  calibration  purposes.  The  test  matrix  consisted  of  a  series  of  fatigue  life 
tests  (unnotched  and  notched  specimens)  and  a  series  of  crack  propagation  tests  (compact  tension  and 
corner  crack  specimens).  With  these  data,  both  the  safe  life  and  the  damage  tolerance  approach  could  be 
addressed . 

All  testing  was  performed  under  load  control,  constant  amplitude  and  room  temperature  conditions.  The 
fatigue  load  levels  were  chosen  to  achieve  realistic  lifetimes  ce  failure  and/or  crack  propagation  rates. 
For  valid  comparison  of  the  individual  laboratory  test  results,  a  working  document  detailing  the  pro¬ 
cedures  for  instrumentation,  measurement,  testing  and  data  acquisition  was  developed  and  is  included  in 
this  report  as  Appendix  A.  Coordinators,  one  from  Europe  and  one  from  North-Amer ica ,  were  selected  to 
oversee  the  programme  and  to  collate  and  analyse  the  data. 

4.2  Specimens 

<4.2.1  Specimen  types/ background 

For  at andardi9at Ion  purposes  four  specimens  were  selected  tor  fatigue  life  and  crack  propagatic; 
testing.  One  of  the  goals  of  the  programme  was  to  establish  specimens  as  standards  and  thus  encourage 
other  laboratories  to  use  them.  In  this  way  a  broad  data  base  using  these  specimen  gci~etries  would  be 
created.  The  selected  specimens  are  shown  in  Figure  2.  The  specimen  shown  in  Figure  2a  is  a  smooth 


cylindrical  specimen  (designated  as  !.( F-spec  imtrii)  used  tor  fatigue  lire  testing.  Th»-  ;io>.  tjoub.e  t-d«te 
notched  specimen  with  a  K  *  2.1  (designated  as  K.  2.1  specimen).  Figure  2b,  is  also  used  :  r  iatig.e  i  i : 

testing.  However,  apart  trom  the  life  tu  failure  the  lift  t <■  crack  initiation  '.or  better:  li:e  t-.  a  at¬ 
tain  *crack  size)  can  also  be  determined.  Tne  well  known  ASTM  - — -.pact  t'T*'.  ••Isi-  call.d  >  ~  •  t.nsl.T 

specimen  (dcsianated  CT-spec  itr.eti)  with  a  through  thickness  note’?  is  shown  in  Figure  2c.  This  ype,  in.t-r  is 
used  for  crack  propag.it  tun  testing  m  the  so-called  lop*  track  reg  ino ,  where  the  •rack  ee.-ipet  r\  is  n  r- 
mally  two -d inters iona  1  and  the  initial  crack  length  is  much  larger  that,  the  erain  size  it  the  material.  I'j.e 
total  da/dN-iK  curve  including  the  fatigue  ttiresln-id ,  ,  can  hi-  determined  using  this  specimen.  :s.t 

fourth  specimen,  shown  in  Figure  2d,  is  the  corner  cr.it  k  specimen  :  deswnaiec  (  >  -spec  ime»-  '.This  sjecimer 
was  designed  specifically  for  crack  propagation  testing  of  dist  materials  to  simulate  the  same  thive- 
dimens  tonal  stress  field*5  is  those  encountered  i  i:  critical  1. -c.it  tens  sml>  as  belt  ht  ies.  In  this  respect, 

it  is  necessary  to  refer  to  Pickard  ct  al  .  H .  who  have  shown  that  the  crack  propagati.n  cjI'vi  obta:  ed 

with  CC-specimetis  clejriy  ‘ills  below  the  curve  generated  with  t  I -spec  lmer.R .  As  a  result,  when  comparing 
specimen  crack  growth  data  with  crack  growth  in  an  actual  disc,  the  '.alter  wi'.  .  he  well  predated  with 
CC-spec  imen  data,  whereas  the  use  of  CT-data  could  result  in  an  und^r^at  imat  ion  of  iiie  be  a  '*:T.,r  -•* 
two.  Hearing  this  in  mind  it  was  considered  essential  that  both  types  of  crack  propagation  specimen.-.  le 
used  in  the  programme.  As  well,  the  cC-spec  inter  was  considered  ideal  for  determining  short  crack  etiects 
for  coarse  grained  materials. 

*. 1.1  Specimen  machining  and  location 

All  specimens  for  the  i  ORE  programme  were  machined  hv  Rolls-Royce.  The  specimens  were  extracted  iron, 
two  nominally  identical  tan  disc  forgings  supplied  t"  Rolls-Royce  bv  tw  different  truing  vend.  is.  The 
forgings  were  made  :  rom  'ii-6Al-4V  in  the  solution  treated  and  aged  ibiA)  conditir.  The  disc  cut-.p 
drawing  indicating  the  location  of  each  individual  specimen  is  shown  in  Figure  >.  The  orientation  of  the 
specimen  crack  planes  in  relation  to  the  forging  directions  was  specified  m  it  would  be  the  same  u 
countered  in  service.  The  distribution  ol'  specimens  was  arranged  such  that  three  Nor t h-Aru-r loan  .mu  t:,rei 
European  iaboral>>t  ies  obtained  complete  sets  of  specimens  t  r.-ui  ■no  disc,  and  the  remain::/  '  ab  >r  at  •  : 
obtained  complete  sets  of  specimens  trom  the  other  disc,  js  seen  in  Figure  tc .  Ibis  would  allow  pi-.-sit  !» 
differences  in  material  behaviour  between  the  two  discs  to  be  identified  and  to  facilitate  tne  exchange 
material  from  tne  two  discs  tor  metallurgical  examination. 

4.2.1  Basic  material  properties 

Basic  material  properties  tor  these  discs  wore  determined  by  Pol  Is-R,  %cv.  These  are  riven  tv.  la!  !v  .. 

and  are  compared  with  the  "Material  Specification  minimum  value"  <i.e.  the  lowest  acceptable  t  r-  :  r  t 

values  expected  troni  such  forgings;.  In  general,  the  measured  properties  wen-  equal  to  >r  ',,tter  than  tl.e 
specified  minima .  The  sole  exception  to  this  was  the  l  '0  “C  ductility  t  "  kA)  which  was  slightly  low. 
However,  this  anomaly  was  ameliorated  by  the  elongation  measured  troit.  the  same  specimen. 

It  was  concluded  that  the  tw.-  discs  supplied  loimed  a  good  basis  for  this  c .  ooe’-ct  ivc-  f  r.  gramme. . 

4.2.-*  Microstructnre 

The  iricrostructure  .>1  the  Ti-bAl-A  disc  material,  which  was  in  tl.e  STA  is.luti.n  t;..:-  jp<!  „,ge  :  i 
Condition,  consisted  of  equiaxed  a -phase  In  a  transformed  6 -mat  r  t  x  containing  coarse  aeicuJar  a  ( f  igure 
4).  Occasional  a-al  ignments  Were  observed  as  seen  in  Figure  ;>. 

The  amount  ot  u-phase,  determined  with  quantitative  metallography,  was  about  4h.'.  t  r.iss-ret  t  f  r.s  were 
,  spared  in  three  perpendicular  directions:  in  the  plane  of  the  disc,  perpendicular  to  the  disc  plane  tr 
the  radial  direction  and  perpendicular  to  the  disc  plane  in  the  c i rcumt erect  ia  1  direction.  No  obvi 
uitferences  in  microstructure  in  these  three  directions  were  observed. 

Texture  differences  between  selected  specimens  wore  determined  by  the  RAF.  For  this  purpose  slices 
were  prepared  from  tested  specimens,  see  Figure  6.  Note  that  the  surface  on  which  the  texture  me asm ement 
was  performed  was  a  radial  plane  perpendicular  to  the  disc  plane.  Slices  tor  the  texture  determination 

were  prepared  t  r  -m  specimens  CC  14,  16,  18,  20  and  22  from  both  discs.  Specimens  CC  U,  16  and  18  were 

celecred  in  ’*~d  U  a-e  textvre  vnr int ion  i"  the  direction  of  the  disc,  whereas  specimens  Cl'  lb,  20  and 

22  were  selected  to  indicate  radial  texture  variation. 

An  indication  of  texture  in  a  material  can  be  obtained  by  the  use  of  pole  figures.  In  the  following  a 
short  explanation  of  the  construction  and  purpose  of  pole  figures  is  given. 

Crystallographic  planes,  axes  and  angles  can  be  represented  on  a  sphert,  known  as  the  reference  ■>r 
polar  sphere,  when  a  crystal  is  assumed  to  be  small  compared  to  the  sphere  and  to  be  located  at  its 

centre.  Une  way  to  represent  the  crystal  planes  on  the  sphere  is  to  erect  perpendiculars  to  the  planes. 

These  plane  normals  are  made  to  pass  through  tht  sphere  centre  and  to  intersect  the  spherical  surface  at 
points  known  as  the  poles  of  the  planes.  The  array  of  poles  on  ine  sphere  form  a  >ole  figure,  which  repre¬ 
sents  the  orientation  ot  the  crystal  planes,  lr  pr'-'tice  it  is  more  convenient  tc  use  a  map  of  the  sphere 
known  as  the  stereographic  projection.  This  en  ’  ta  a  two-d imens i ona  1  represents  ion  of  the  pole  figure. 
Such  representations  are  commonly  used  to  compare  textures,  which  are  preferred  orientations  of  crvstal 
planes  within  a  polycrystalline  sample.  To  do  this  the  stereographii  projection  is  aligned  to  the  overall 
geometrical  features  of  the  specimen  and  the  number  of  grains  in  -arious  ranges  of  orientation  are  then 
indicated  in  it  by  a  series  of  contour  lines.  The  experimental  information  is  usually  obtained  trom  the 
relative  intensities  of  X-ray  reflections  from  the  polycrystal  at  various  angular  settings. 

The  pole  figures  of  the  selected  specimens  are  shown  in  Figure  7  ,«r  disc  LWMn  /200  and  in  Figure  8 
for  disc  WGWMD  1113.  Each  st.  of  figures  (a)  through  (f)  shows  the  {0002}  pole  figures,  whereas  the 
figures  (g)  through  (1)  show  rl,c  {ilO}  pole  figures  (equivalent  to  til  20 }  in  4-axis  notation)  for  Various 
positions  in  the  discs.  (Note  that  the  specimens  CC  20  and  CC  22  of  disc  WGWMD  1113  where  processed  in  a 
slightly  different  way.  Instead  of  the  {110)  (equivalent  to  {1120})  pole  figures  the  { 1  do }  pole  figures 
were  determined,  •<''*  C,7"rcs  8(k)  and  8(2.) .  However,  this  does  not  alter  the  conclusions.)  The  figures 
(a),  (b)  and  tc)  give  an  indication  of  the  texture  itself  and  the  texture  variation  in  the  axial  direction 
(specimens  CC  14,  CC  16  and  CC  18  respectively,  see  also  Figure  3  for  their  detailed  position)  and  figures 
(d)  ,  (e)  and  (f)  give  an  in’ication  of  texture  variation  in  the  radial  direction  (specimen  nrs  CC  16,  CC 
20  arid  CC  22  respect ively) .  The  figures  show  that  the  textural  differences  between  the  discs  are  re¬ 
latively  small.  If  a  strong  tex'ure  would  exist  then  much  higher  figures  for  the  contour  levels  would  have 
been  encountered.  As  mentioned  before,  these  contour  levels  indicate  relative  densities  of  crystallo¬ 
graphic  orientations  in  specific  directions.  Disc  WGWMD  1113  (Figure  8)  showed  slightly  more  texture  and  a 


greater  variation  in  texture  n  the  axial  direction  than  disc  I.WMP  '-Ob  ifigure  In  the 

taction  the  variation  was  less  than  that  displayed  :  ti  the  axial  case,  in  tact,  verv  1  ittic  a  -  •  i 
observed  between  sjjrcian:  positions  l.»  -lu  and  (X  d  ■’ .  Discussions  with  KAt  indicated  that  tl 
texture  and  texture  dilierences  were  not  very  m.irxed,  even  between  the  two  di^cs,  ard  that 
rererces  woo’d  not  he  expected  to  result  in  appreciable  changes  in  material  properties. 

•  .  TfcSl  Pkoc  f.bl'KFS 


>.l  General 

Al  ;  testing  Was  June  according  to  the  "Working  document  lor  the  AL-AKU  cooperative  te 
titanium  allov  engine  disc  material"  V  .  During  the  actual  test  phase  the  programme, 
data  generation  and  testing  experience,  this  document  was  modified  ard  amended  and  is 
pend  lx  A. 


r; .  J  Potential  drop  crack  measurement  technique 

An  interesting  aspect  of  the  test  programme  was  chat  crack  initiation  and  cr. 
means  of  the  potential  drop  t  P  l » •  technique.  Ihis  technique  tequir.s  that  a  cm.-i.i 
tin -'Ugh  t lie  specimen  .*"•!  the  electrit.il  p.-tentia*  ver  the  iraik  plane  be  measured 
on  opposite  sides  the  cru.k.  It  the  relationship  between  v.r.u.k  lengti  ard  voltage 

figures  An  and  A.  3  .;!  Appendix  A  the  (1  and  >.r.  specimen  respec  t  ive  1  v  ,  an  a  ecu 

rack  length  can  he  achieved. 


The  advantage  of  the  PD  method  is  that  crack  length  detect  icr  is  also  possible  : 
uni  that  autvuuted  data  i  o  \  1  ec  t  i  on  is  easily  attained.  Additionally,  the  average  «  rue 
mined  instead  ot  the  surface  cr.ak  length  as  in  the  case  oi  optical  measurements.  I  h..,r 
curvature  are  thus  accounted  tor. 


A  typical  set-up  tor  fatigue  test  in*  *mu  crack  length  mease:  emcr.t  is  show-  s  :■  ficne 
opart  irom  the  notch  voltage,  a  relereiice  voltage  is  measured  to  account  :  >r  temper. .t-un-  «•:  • 
t*  ut  variations.  Ihermoe  »t:e  t  r  i  v.  effects  and  drill  ot  the  svste...  are  el  :r  mated  hv  taking  t  bl¬ 
ew.  measurement  s  ,  with  .  ur  reft -■  •?  ,  ne  with  cur  tent f  f  . 


example  description  o|  crack  length  measurement  using  the  }’!'•  tvci.niq-.ie 
•  o  illustrate  how  the  actual  procedure  for  crack  growth  measurement  w.t-  per:  rr.u>‘ , 
example  using  a  it.  specimen  is  given.  An  instrumented  coiner  crack  specimen  is  shown  :n  • 
that  tor  reaso'’*'  simplicity  both  the  notch  probe  wires  and  the  it;  ere:u  t  wires  wen  w«  id 
edge).  Ip  the  actual  test  programme,  to  ;  revent  the  occurrence  *  a  reference  p.  t .  r  t  i  a 
crack  growth  Che  reference  pn  hes  were  w.-lded  at  a  locution  it  wh:.h  t  tie  potent,  d  rivld  w. 
hv  crick  growtt.,  i.e.  at  the  >j  p  site  o  rmr. 


The  resuit  ot  a  preliminary  tr  t  .i-  the  duir.n.v  speciner  -h.  v;.  ip  f  .gun  i  .s  presented 
ihe  figure  illustrates  the  importance  f  the  luct  :<f  M  the  reieiev.i  e  pi  d>es,  .  iear’. 
.reuse  in  referem*  ;  cent  la  i  as  ,?  result  I  being  i.-Cated  in  the  vu  -.'.it,  .  :  t  •  «-  grown;,:  .  r  • 

1  he  actual  cr.iok  growth  curve  '.average  crack  length  vi-rs.,:  ,  ;(-s  •  w.-s  «  t  r  ■ .  t «  »  .  r  t 

•  f  the  n-'tch  voltage  versus  crack  length.  Kr  this  purpose  tin  iver.ig*-  i  r,<>:  «  sj/e  -i  the  <: 
was  deCermintd  f.ist.  Ihe  specimen  w.»s  de  i  iberat  e  i  v  broker.  pen  a 'id  t!u  :mir  i  ;  :r. 

i  rack  length,  readings  were  take-;  two  at  the  side  si.ri.tce-.  i.e.  the  suv’.ue  cr  id  .'-■■m’’ 

three  at  ang.es  oi  .'d.S”,  -o'  and  n.-.V.  Mi’s  averaging  reth.d  requited  ;  •.  ■*  vir.  ?r  i  •• 

irom  the  reai  average  v  rat  k  le;gli,  ht-iined  !.-.  tract  ir«*  ..ru  neasurert-rt  .  .•  i  ; :  r  .i* :i . 

■  bt.  lined  by  drawing  a  straight  line  through  tl;;s  .final-  J  .  .-.t  rt:ui  t  v  ;  g ;  .. 

straight  line  assumption  is  justified  it  t  he  distance  b<  rwet  -  the  ..ter:  r  bvs  ; "  w. 
the  specimen  width  i  :.i  v  A:;.c.:ix  A,  ►•gure  A:4-;  ;  r  t!  ;•  *.  hti  s.pc,  itr^n  k  -  .  .  ;  ... 


1  Igure  IJ  aiso  sh.  Ws  the  rel’ti  n  betwe-f  ihe  t.b  .  1  t  .-go  i-.i  s  l/.e  -  ,  .  -  ;  j  .  J  • 

specimen  s>  ,u  e  during  trie  test,  ihis  curve  indicates  that  t’u  .pi;,  . ;  au-asu  r  t  m  - 1  t  «•  -  ' 

average  i  rack,  length  .is  delireil  fry  the  i..lihr:ti-i  ,  urv..  .  i-.,  f  t!i  e-sivif  :  .••  tf*-  .  r-u  ►  :  :  t. 

v.iturv  it  the  spei  i men  surface,  as  seen  in  figure  I  •.  *hl*»  evaaipie  l»uirlv  li ‘ust  r.ite*  t'<  .i »l v  * :  r  ♦ 
the  PD  method  tor  vrark  length  dete  rmi  :»h*  ion  .  ,er  the  .  ptu.ii  ir.vth.-^.  ip  adl : .  tl  e  I'i  i,  th.  -i  -> 

tivitv  is  very  good.  The  $•,  stem  shown  ir  figure  •*  .liu-vs  ctianees  it  .  r.tJ  t  be  r*.  ;  1 1.  u  w;i 

better  than  ^um  sensitivity. 

In  Figure  i3  another  teatnre  can  also  be  set:  .  Ip  the  ear!’-  ..  the  tc  =  :,  tvb-i  ,m  w..-.  im».rrupt» 
for  heat  tinting  m  .  nier  to  have  a:  addition.)  data  ;><r.t  f . .  r  ca  i  ihrat  ;  on .  Thi>  n  «  ;.  nn,  ,.;e.  p|  tt- 
in  figure  1 J ,  lies  exactly  on  the  calibration  curve,  giving  additional  ct!  idence  n-  tie  o*.  ptod  ret  i  •: . 

The  c  :* 1  !  brat  ion  procedure  described  above  t-.r  the  bt  spec  tmen  is  ‘■ln,ilar  i  t.-t  vsed  for  the  1 
specimen  with  the  exception  that  the  c.i  i  i  brat  ion  curve  for  tlii-  spec  imer  is  third  vdo:  m  ivur: 

function.  However,  me  -su  remen  t  of  the  tinai  average  crack  size  from  the  fracture  surf..:e  is  ».... 
tfie  >.k  specimen,  is  sufficient  to  fix  the  posit;  •:  t  the  i  a !  i  bra  t  ion  curve. 

'..A  Test  procedure  variations 

Although  the  procedures  for  testing  are  described  in  detail,  there  were  still  variations  beivt c 
1  abor  a  tor  les  in  the  actual  testing  techniques.  lh;s  was  due  to:  hardware  limitations;  dil'eieiHes  in  pr- 
grammes  for  computet  controlled  fatigue  testing;  and  difference;;  ;n  the  wa\  the  patent  ia*  dr-.-f  metl  -d  w, 

applied.  Some  of  the  more  important  variations  in  test  procedures  are  documented  below. 

The  major  variations  in  test  procedures  concern  the  potential  drop  measurement  to>.  5m  iqv.e .  in  p-»t 
ticular.  the  (X  specimen  PD-data  was  not  always  obtained  or  could  not  be  e.usllv  analysed  because  of  f 1 i gf 
differences  in  probe  wire  attachment.  In  one  case  of  i  CT  specimen,  both  the  Kumul  foil  PD  method  and  tl 
optical  crack  lengti.  measurement  techniques  were  employed.  (The  Rl'MIT.  toil  is  on  electrically  conduct  iv 
tape  which  is  adhesively  bonded  to  the  specimen  so  that  surface  crack  growth,  which  extends  inf.  the  foil 
-an  be  measured).  The  Rumul  foil  was  attached  to  one  side  of  the  Cl -specimen,  giving  Pb  crack  length  dat 


only  for  chat  particular  surl Jie. 

The  PD— measurement  technique  itself  was  periormed  in  ditferent  wavs.  The  recommended  pr>m-auie 
si  ’t:  in  Figure  A3  oi  Appendix  A.  In  the  procedure  both  current-on  and  current-of:  irasu; vaients  are  dom 
at  ximum  Load  within  the  ..lmetrame  of  one  second,  however,  because  of  hardware  limitations,  the  time 
needed  I  or  two  successive  measurements  of  notch  and  reference  voltages  was  sometimes  in  excess  ,u:e 
second.  Thus,  these  voltage  readings  at  times  could  not  be  measured  simultaneously.  This  profile®.  was  ac¬ 
centuated  with  the  K  2.2  specimen,  where  two  notch  voltages  and  one  reference  voltage  had  to  he  measured 
simultaneously,  in  addition,  the  current  should  be  stabilized  between  current-cu  and  cur  rent -ot :  measure¬ 
ments  . 

The  above  problem  was  overcome  either  by  lengthen. :ig  the  time  at  load  tor  these  particular  measure¬ 
ment  cycles  or  by  doing  notch  and  relerence  measurements  in  succtssive  cycles,  Is  the  first  net  hod  was 
applied  the  maximum  time  at  load  had  in  one  case  to  be  increased  iron*.  1  to  1  .  i  seconds;  ir.  mother  case 
:  rot.  1  to  4  seconds.  Other  laboratories  adopted  the  second  method:  the  execution  of  PL)  measurements  m 
successive  cycles. 

both  methods  might  have  an  effect  >-  rh*>  re<-»  results.  An  increased  time  at  maximum  load  itor  the 
measurement  cycles!  could  enhance  the  dwell  etfect  although  this  effect  is  probably  very  m;u*r.  PI' 
measurements  in  successive  cycles  might  give,  at  very  high  crack  growth  rates,  a  minor  shut  in  «.  i  .m  V 
growth  data  out  this  can  be  simply  overcome  by  counting  the  cycles  during  the  actual  notch  measurement 
••the  current-off  and  reference  voltage  will  change  only  slowly). 

t>.  RESULTS 

The  test  results  for  the  tour  specimens  tested  are  discussed  individually  in  Lhe  following  toil:— 
sec  t ions . 


n.l  Smooth  cylindrical  I.CF  specimens 
b.l.i  General  introduction 

Ail  test  resulLs  are  presented  in  Table  3  and  are  shown  graphically  in  Figure  14.  Note  that,  unlike 
engineering  convention,  the  stress  range  as  the  independent  variable  it  plotted  or  the  horizontal  axis  and 
the  cycles  to  failure  on  the  vertical  axis  for  ctjunonality  with  the  statistical  analyses  ■>(  the  results 
(next  sections).  The  results  appear  to  indicate  that  the  I.WMD  .'2UU  disc  data  are  slightly  above  the  Wf.WvU 
i M  J  d>sc  data.  This  agrees  with  Lhe  data  in  Table  2.  A  statistical  analysis  :  the  results  was  performed 
t>  detect  possible  differences  i.i  material  behaviour  :or  the  two  discs,  or  tor  particular  lot-.u  iors  in  the 
discs,  or  to  indicate  deviating  crends  in  Che  results  of  individual  1 aboraror ics .  The  arsivsis  involved 
the  establishment  of  linear  relationships  between  stress  and  lile  based  on  a  log-iu.nr.il  distribution,  the 
establishment  ot  confidence  intervals  for  these  curves,  and  tests  on  the  validity  ^1  the  .■{plication  t 
the  lin-.^r  mcd-1. 

r»»-s  linear  expression  used  in  the  statistical  analysis  was: 

Y  *  A  +  bX  in  which  Y  =  logN 

X  =  Ac 

N  =  numher  of  cycles  to  failure 
Ao  «  stress  range 

The  statistical  analysis  was  performed  according  to  the  procedures  described  in  AsTM  itindard 
Practice  E  739-8U  .  Klj  .  A  short  summary  is  given  in  Appendix  B. 


b .  1  . Statistical  handling  >i  the  month  cylindrical  l.CF  specimen  data 

An  initial  statistical  analysis  was  performed  on  all  the  data,  except  the  one  run-out,  CEA'l  L'.'F  3“ 
which  tailed  in  the  thread  after  I A,2f>2  cycles.  The  results,  see  Figure  !5,  show  that  data  obtained  at 
very  high  stress  levels  (.stress  range  ~  8 7 !»  MPa)  exhibited  large  scatter  causing  a  major  shift  in  the 
position  of  the  near  curve  for  all  the  results.  The  high  stress  range  of  87b  MPa  corresponded  t  >.  a  maximum 
stress  of  9",!  MPa  which  is  near  or  above  the  minimum  specified  tensile  strength  for  the  material  as  seen 
in  Table  J.  For  this  reason  these  test  data  were  omitted  from  the  statistical  analysis.  The  results  ob¬ 
tained  in  tne  lower  stress  ranges  oi  700  to  830  MPa  had  more  appropriate  lives  to  failure  of  '0",  to 
SO, non  cycles  with  less  scatter. 


The  data  were  reanalysed  and  the  resultant  mean  curve  and  the  95  7  confidence  interval  are  shown  ir 
Figure  U>.  The  meaning  of  the  confidence  interval  is  that,  based  on  the  analysis  of  a  series  ot  indepen¬ 
dent  data  sets,  we  may  expect  that  95  7  of  the  computed  intervals  will  include  the  mean  curve.  Or,  in 
other  words,  the  statement  "the  '.ean  curve  (of  the  total  distribution)  lt».c  within  the  computed  interval" 
has  a  9 j  Z  probability  of  being  correct  (see  Reference  .10]).  Figure  lb  also  shows  the  computed  statis¬ 
tical  parameters  A  and  R  (which  are  the  maximum  l ike hood  estimators  of  A  and  B,  the  line-coefficients)  and 
their  intervals  for  a  90  and  ■*:>  X  confidence  level.  In  addition,  the  variance  and  the  parameters  in¬ 
dicating  the  correctness  ot  the  linearity  hypothesis  are  indicated.  These  parameters  are  described  in  more 
detail  in  Appendix  b. 

As  can  be  seen  f nun  the  computed  statistical  data  (see  Fig.  lb)  the  linearity  hypothesis,  for  all 
results,  was  invalid.  However,  the  rejection  of  the  linearity  hypothesis  is  caused  by  a  single  data  point 
(Ao  ■  828  MPa,  N  3  437  cycles,  disc  WGWMD  1113).  When  the  statistical  data  handling  was  repeated  with  the 
omittance  of  this  particular  test  point,  the  linearity  hypothesis  was  shown  to  be  valid.  For  reasons  of 
simplicity,  the  .assumpt ion  of  linearity  in  the  range  of  2000  -  50,000  cycles  to  failure  was  therefore  con¬ 
sidered  to  be  appropriate.  The  linear  model  was  also  used  In  all  subsequent  analysis.  (Note:  the  parti¬ 
cular  data  point  was  not  removed  in  the  amlysls). 


h.1.3  Statistical  comparison  of  individual  laboratories,  discs  and  disc  locations 

Figures  17  through  28  show  the  outcome  of  the  subsequent  statistical  analyses  in  which  various  com¬ 
parisons  were  made  as  follows: 

1.  individual  disc  results  with  respect  to  the  overall  data, 

2.  individual  laboratory  results  with  regaid  to  the  respective  disc  data  (and  corresponding  confidence 
intervals)  and  with  regard  to  the  overall  data,  and 

t.  various  disc  locations  with  regard  to  the  respective  disc  data. 


figures  17  and  18  show  the  test  results  and  associated  median  curves  and  t-onfidei.ee  intervals  lor 
discs  WCWMD  1113  and  LWMD  7200  respectively.  The  statistical  parameters  are  also  given.  The  results  show 
that  tl.e  assumption  of  a  linear  relationship  is  valid  for  the  LWMD  7200  disc  data  but  that  this  assumption 
is  incorrect  tor  the  WCWMD  1113  disc  data.  This  was  caused  by  the  sirgle  data  point  discussed  in  Section 

6.1.2  resulting  in  a  steep  line  coefficient  B  (i.e.  slope)  tor  disc  WGWMD  1113. 

A  comparison  between  the  individual  median  curves  for  the  two  discs,  as  constructed  in  the  Figures  17 
and  18,  with  the  overall  median  ~urve  for  all  results.  Figure  16,  is  shown  in  Figure  19.  In  this  figure, 
the  test  data  for  disc  WGWMD  1113  tend  to  fall  slightly  below  the  disc  LWMD  72GU  data  as  mentioned  in 
Section  6.1.1.  for  the  somewhat  higher  stress  ranges.  At  these  highest  stress  ranges  (Ac  ~  870  MPa)  the 
maximum  ditierence  in  fatigue  life  is  about  a  factor  of  1.5. 

.  ;  ^ure  ‘.U  show-'  the  overall  median  curve  and  the  median  curve  for  disc  WGWMD  1113.  The  individual 
titled  curves  oi  the  .  x  laboratories  which  tested  this  disc  are  also  plotted.  Most  of  the  individual 
curves  fall  uithii.  the  95  %  confidence  interval  for  the  overall  curve.  However,  some  data  fall  outside 
thxs  interval.  This  behaviour  may  be  expected  since  the  number  ot  specimens  tested  per  laboratory  was 
small . 

In  Figure  21  a  similar  comparison  is  made.  However,  the  overall  median  curve  and  issociatea 
confidence  interval  have  been  omitted  and  the  indicated  95  Z  confidence  interval  now  lelates  to  disc  WGWMD 
1113  only.  In  this  case  the  individual  laboratory  curves  fall  within  the  wider  95  %  confidence  interval. 
Although  there  is  a  clear  difference  in  line  coefficients  for  the  various  laboratories  and  a  slight  shift 
in  tht  line  position,  there  is  no  major  indication  that  the  results  from  an  individual  laboratory  clearly 
fall  outside  the  scatter  bend. 

Figures  22  and  23  are  equivalent  to  Figures  20  and  21  but  now  refer  to  disc  LWMD  7200.  Most  of  the 
individual  laboratory  curves  for  this  disc  run  almost  parallel  to  the  overall  median  curve  and  the  disc 
median  curve  with  one  exception,  which  shows  a  more  steep  relationship.  Figure  23  also  shows  that  .ill  in¬ 
dividual  curves  fall  within  the  95  1  confidence  interval  for  the  disc  median  curve.  Thus  there  is  no  in¬ 
dication  of  clearly  deviating  results  for  indivi  !ual  laboratories. 

During  disc  design  and  production  the  intention  was  to  obtain  homogeneous  properties  throughout  the 
disc.  The  test  results  enabled  us  to  check  whether  this  objective  was  met.  To  this  end  different  Locations 
in  the  disc  were  identified  (see  Figure  24)  which  could  provide  an  indication  about  radial  and  axial 
variations  in  mr^erial  behaviour.  Figures  25  .and  2b  show,  for  the  respective  discs,  a  comparison  of  the 
fitted  relationships  tor  various  radial  locations  with  respect  to  the  median  disc  curve.  Figures  ’7  and  28 
show  similar  comparisons  for  different  axial  locations. 

The  results  indicate  that  differences  do  occur  due  to  location.  However,  these  differences  appear  to 
be  insignificant.  Ln  Figure  25,  disc  WGWMD  111},  the  RIM  area  tends  to  be  superior  with  respect  to  the  MID 
and  BORE  locations  at  the  higher  stress  range,  but  it  is  inferior  at  lower  stress  ranges.  This  behaviour 
is  not  very  logical.  If  the  RIM  3rea  would  indeed  have  superior  fatigue  properties  than  one  would  expect 
that  this  superiority  would  manifest  itself  over  the  entire  life  regime,  especially  because  it  it  noi 
expected  that  the  failure  mode  would  change  significantly  in  this  particular  regime,  end  thus  that  i 
would  result  in  an  upward  shift  of  the  fatigue  life  curve.  The  observed  line-crossings  ot  the  k*M,  MID  and 
B°Rh  life  lines  are  therefore  moat  probably  the  result  of  normal  scatter  in  the  test  data  and  the  re¬ 
latively  small  batches  used  for  this  location  analysis.  Another  important  point  supporting  the  above  con¬ 
clusion  is  that  one  would  expect  that  a  certain  trend  in  material  behaviour  for  various  locations  would  be 
similar  lor  both  discs.  However,  in  comparing  Figures  25  and  2b  such  n  trend  could  not  be  observed. 

Figure  26  for  example,  disc  LWMD  /200,  shows  that  the  RIM,  MID  and  RORK  locations  are  essentially  similar 
in  fatigue  behaviour. 

A  comparison  with  respect  to  axial  locations  lor  both  discs  was  made  in  figures  27  and  28.  Line- 
crossings  were  also  observed  in  Figure  27,  disc  WGWMD  lllj,  MID  and  AFT  locations,  ln  addition,  the  two 
discs  do  not  show  similar  behaviour  for  the  various  locations,  which  would  have  been  expected  if  there  was 
a  trend  in  material  properties  for  a  certain  location,  in  Figure  2b  the  fitted  curves,  per  location,  are 
grouped  closer  together  although  the  MID  results  tend  to  be  somewhat  lower. 

In  reviewing  the  above  obtained  location  relationships  all  results  seem  to  suggest  that  there  is  no 
apparent  material  inhomogeneity  in  relation  to  LCF  tatigue  properties  for  the  various  locations  studied  in 
tills  analysis. 

6.2  Flat  double  edge  notched  2.2  specimens 

6.2.1  Introduction 

For  the  K  2.2  specimens  both  the  lite  to  crack  initiation  and  the  life  to  failure  were  determined, 
i-ife  to  crack  initiation  was  defined  as  the  number'  of  cycles  at  which  a  1  X  increase  in  potential  drop 
value  was  obtained.  The  actual  crack  size  for  a  1  Z  FD  increment  was  estimated  by  breaking  open  one  of  the 
l dummy)  specimens  at  the  1  "  PD  increase  level,  as  seen  in  figure  29.  The  crack  shape  was  semi-elliptical 
and  had  a  maximum  crack  depth  of  about  0.6  mm,  with  a  surface  length  of  1.6  mm. 

All  test  data  ale  presented  in  Table  4.  The  life  to  failure  results  for  both  discs  are  shown  in 
Figure  30.  Again,  unlike  engineering  convention  but  for  commonality  with  the  statistical  analyses,  the 
stress  range  as  the  independent  variable  is  plotted  on  the  horizontal  axis  whereas  the  cycles  to  failure 
are  plotted  on  the  vertical  axis.  Figure  11  shows  the  life  to  initiation  and  the  life  to  failure  for  disc 
LWMD  7200  only.  Figure  30  shows  that  the  spread  in  results  for  the  K  2.2  specimens  is  smaller  than  for 
the  LCF  spccimers.  This  effect  Is  especially  evident  for  the  high  stress  levels.  Another  finding  (set* 
Table  4)  is  that  lite  to  initiation  and  life  to  failure  are  closely  related.  Furthermore  the  life  to  in¬ 
itiation,  as  defined,  accounts  for  the  gre  test  part  ("  85-95  %)  of  the  total  life  of  the  specimen.  This 
occurs  because  of  the  fairly  large  crack  size  associated  with  an  initiation  level  of  1  Z  PD  increment. 

Almost  no  difference  in  notched  fatigue  behaviour  between  the  two  discs  was  observed.  However,  in 
order  to  detect  possible  trends  ln  material  behaviour  between  the  two  discs,  and  between  individual 
laboratories  and  disc  locations,  similar  Statistical  analyses  were  performed  as  on  the  LCF  data. 

6.2.2  Statistical  handling  of  the  K  2.2  data 

An  initial  statistical  analysis  was  performed  on  all  data,  excluding  the  run-outs  (in  total  three), 
shown  in  Figure  32.  The  single  data  point  at  the  highest  stress  range  (An  =  1091  MPa,  N  =  38  cycles)  af¬ 
fects  the  posftlon  (A)  and  the  line  coefficient  (8)  (i.e,  slope)  of  the  median  curve  in  the  area  ot  in¬ 
terest,  the  life  regime  between  1000  and  100,000  cynics.  Following  the  procedure  adopted  for  the  LCF  spe¬ 
cimens,  this  data  point  was  omitted  from  all  subsequent  statistical  analysis.  The  remaining  data  were 


again  statistically  analysed  and  the  results  are  shewn  in  Figure  33,  together  with  the  95  Z  confidence  in¬ 
terval  lor  the  median  curve.  As  can  be  seen  the  linearity  hypothesis  for  the  median  curve  was  determined 
to  be  correct  in  this  life  regime. 

b.2.3  Statistical  comparison  of  individual  laboratories,  discs  and  disc  locations 

Figures  34  through  45  show  the  outcome  of  the  statistical  analyses  in  which  the  following  comparisons 
were  made: 

1.  Individual  disc  results  with  respect  to  the  overall  data, 

2.  individual  laboratory  results  with  regard  to  the  respective  disc  data  (and  corresponding  con¬ 
fidence  intervals)  and  with  regard  to  the  overall  data,  and 

3.  various  disc  locations  with  regard  to  the  respective  disc  data. 

Figures  34  and  35  show  the  test  data  and  fitted  relationships  including  the  95  Z  confidence  intervals,  for 
discs  WGWMD  1113  and  LWMD  720U  respectively.  The  assumption  of  linearity  lor  the  median  curve  was  justi¬ 
fied,  as  can  be  seen  from  the  statistical  parameters.  A  comparison  between  the  median  curves  of  the  two 
individual  discs  with  the  overall  median  curve  tor  all  results  (Fig.  33)  is  shown  in  Figure  '3h.  The  in¬ 
dividual  median  curves  lie  close  to  the  overall  median  curve  and,  in  addition,  1 ine-cross ing  was  observed. 
Both  facts  suggest  that  there  is  no  apparent  difference  in  the  notched  fatigue  behaviour  of  the  two 
discs. 

In  Figure  37  the  overall  median  curve  and  the  median  curve  for  disc  WGWMD  1113  are  shown  and, 
in  addition,  the  fitted  curves  for  the  six  individual  laboratories  which  tested  this  disc  have  been 
plotted.  All  individual  curves  lall  within  the  95  Z  confidence  interval  of  the  overall  median  curve.  In 
Figure  38  a  similar  comparison  is  made,  however,  the  overall  curve  and  its  associated  confidence  interval 
have  been  omitted  and  the  95  7,  confidence  interval  now  relates  to  disc  WGWMD  1113  only.  Although  some 
difference  in  line  positions  and  coefficients  can  be  observed  there  is  no  indication  that  the  results  of 
individual  laboratories  clearly  fall  outside  the  scatter  band. 

The  individual  labor  itory  curves  for  disc  I.WMD  72UO  are  shown  in  Figures  39  and  40.  These  curves  have 
a  wider  spread  than  in  the  case  of  disc  WT.WMl)  1113.  Figure  39  shows  that  not  all  individual  curves  fall 
completely  within  the  95  Z  confidence  interval  tor  the  overall  median  curve.  However,  Figure  shows  that 
these  curves  fall  within  the  95  7.  conlidence  interval  ol  the  disc  median  curve.  Because  ■  •  f  the  small  size 
of  the  individual  batches  no  firm  conclusions  can  be  drawn  about  the  significance  of  the  variation  in  in¬ 
dividual  laboratory  test  resuits. 

A  comparison  in  notched  latigue  behaviour  between  different  locations  in  the  discs  was  a  I  so  made. 
Figure  si  shows  the  identification  ot  the  various  radial  and  axial  locations  used  in  the  subsequent 
analysis.  Figures  42  and  43  show  tor  both  discs  the  comparison  in  fatigue  behaviour  ol  the  radial  lo¬ 
cations  with  the  median  disc  curves.  Similar  comparisons  with  respect  to  the  various  axial  locations  r, re 
shown  in  Figures  44  and  4S.  The  results  indicate  that  the  variations  between  different  disc  'ocatioiis  are 
very  -small;  there  is  no  apparent  material  inhomogenc i ty  with  respect  to  the  notched  fatigue  properties  for 
both  discs. 

b.i  Corner  Crack  i‘t)  and  Compact  lens  ion  Type  (Cl)  specimens 
b.3.1  Data  Analysis 

Fatigue  crack  growth  data  irons  33  corner  crack  and  35  compact  tension  type  specimens  were  collected 
and  analysed.  Typically  for  each  specimen  data  set,  5U  pairs  o:  crack  length  and  cycle  count  data  were 
provided  for  the  analysis.  The  data  wer  ■  provided  in  the  as  recorded  condition  in  order  to  lacilitate  the 
use  ol  a  common  smoothing  technique. 

Four  smoothing  techniques  were  -onsidered  lor  the  da'dN  analysis  procedure:  the  secant  method,  the 
modi  tied  dilterence  method,  the  seven  point  incremental  polynomial  method  and  Lite  total  polynomial  method. 
The  seven  point  incremental  polynomial  technique  was  ultimately  chosen  because  there  were  sufficient 
numbers  of  data  points  available  in  each  data  set,  the  technique  is;  recommended  i--  the  current  AS1M  stan¬ 
dard  for  fatigue  crack  growth  rate  testing,  keterencc  II  ,  and  it  possessed  sufficient  smooth  in?  capa¬ 
bility  to  identity  possible  trend?  in  to-  data. 

The  {even  point  incre.r,ertal  polynomial  method  for  computing  da/dN  as  a  function  ct  -*K  is  described 
in  detail  in  Reference  ,11..  briefly  the  technique  involves  fitting  a  second-order  pol\ t’»n»ti.al  vpar db<> i a i 
to  sets  of  seven  successive  values  of  observed  crack  length.  The  torn;  t  the  equation  for  the  local  lit  u 
i rack  length  is : 


wh-r“  c,  -  i  ( *  \+J) 

'  i 

and  1>0,  hi  and  b2  are  regression  parameter.-.. 

The  rate  ot  crack  growth,  da/dN,  is  obtained  !;.  taking  the  t  irst  derivative  >!  the  above  equation 
with  respect  Co  N: 


da./dS, 


^  (b-  e.) 


The  value  of  a.  is  used  for  the  alculation  of  the  corresponding  .-K .  .  The  stress  intensity 
the  CT  and  JX  specimens  are  described  in  Sections  3.3.3  and  3.4.4  of  Appendix  A  respectively 


ut ions  lot 


6.3.2  Fatigue  Crack  Orowth  Rate  Description 

In  order  to  utilize  the  data  generated  In  this  analysis  tor  design  and  life  predict  ion  efforts,  a 
curve  fitting  model  is  usually  applied  to  the  data.  A  number  of  curve  fitting  models  have  been  proposed  to 
describe  the  sigmoidal  shape  of  the  crack  growth  rate  curve.  Miller  and  (WilLa»her  .12  describe  an  ASTM 
round  robin  programme  where  ten  different  models  were  used.  One  oi  the  most  successful  ra.-dels  and  one  of 
two  modeLs  selected  for  this  analysis  is  the  table  lookup  procedure.  In  this  technique  tabulated  values  oi 
da/dN  and  AK  values  are  obtained  at  regular  log  da/dN  intervals.  To  build  the  table,  the  data  for  each 
specimen  geometry  were  combined  and  sorted  by  da/dN.  At  selected  intervals  of  da/dN,  the  data  were 
averaged  and  a  mean  da/dN  and  AK  were  calculated.  Because  of  the  large  number  of  data  points  available  tot 
each  specimen  geometry,  an  accurate  estimation  of  the  mean  performance  of  the  data  was  thus  obtained.  The 
mean  crack  growth  curves  are  described  by  36  pairs  of  data  for  the  corner  crack  specimen  geometry  and  by 
32  pairs  of  data  for  the  compact  tension  specimen  geometry.  The  mean  data  are  presented  in  Figure  *«  7  and 
are  listed  in  Tables  5  and  6.  Standard  deviation  data  for  da/dN  are  also  presented  in  Table*  5  and  6. 

A  second  model  utilized  to  describe  the  crack  growth  benaviour  is  the  power  law  or  Paris  model  13!. 
This  model  assumes  that  the  crack  propagation  behaviour  over  discrete  ranges  ol  da/dN  is  linear  and  can 
thus  be  described  by  the  equation: 

da/dN  *  CAKn 


To  obtain  the  coefficients  C  and  n,  the  crack  propagation  data  in  the  assumed  upper  linear  portion  of 
the  data  were  selected  by  specimen  geometry  and  a  least-squares  regression  line  was  fitted.  The  results 
are  shown  in  Table  7  and  in  figure  47.  The  fitted  lines  in  Figure  47  show  an  excellent  correlation  with 
the  mean  data  obtained  using  the  table  lookup  model  described  above. 


6.3.3  Test  results 

The  data  sets  of 
Figure  46 

Figure  47 
Figure  48 
Figure  49 
Figures  50  and  51 
Figures  52  through  63 


da/dN  versus  AK  are  presented  in  Figures  4n  through  63: 

The  data  for  each  laboratory  are  identified  as  a  common  group  for  irterlaboratory 
comparisons. 

Mean  data  and  power  law  lines  are  presented  tor  the  two  specimen  geometries. 

The  CC  data  tor  the  two  discs  are  compared. 

The  CT  data  for  the  two  discs  are  compared. 

The  data  for  the  two  discs,  LU'MD  7200  and  Ut.WMb  1113,  arc*  compared,  and 

The  data  sets  tor  each  laboratory  are  compared  to  the  combined  mean  data  IT  r  the 

two  specimen  geometries,  CC  and  Cl. 


In  figures  4b  to  51,  one  trend  in  the  data  appears  consistently.  As  evident  in  the  mean  data  ir 
Figure  47,  the  CT  specimen  produces  a  higher  crack  growth  rate  than  the  CC  specimen,  especially  in  thi 
high 'r  AK  ranges.  The  compact  tension  data  are  the  mere  conservative  of  the  two  specimen  geometries.  At  AK 
=  16  MPa,m  the  difference  is  a  factor  of  1.42  jnd  at  AK  «  40  MPa*'m  the  factor  increases  to  ...75.  This 
effect  was  also  n^ted  for  Ti-6A1-4V  in  Reference  ( 8 ;  using  the  same  compact  tension  and  corner  crack 
specimen  geometries. 


FKAC  IUCKAl’HY 


Fractogr.iphxc  investigations  were  carried  out  by  QETE  '14  and  SLR  on  both  CT  and  (.<:  specimens. 
Striation  s pacings  uii  the  fracture  surface  determined  by  means  of  scanning  electron  microscopy  have  beer 
compared  with  the  raacroscopicai  ly  observed  cr.<*.k  growth  rates,  determined  by  the  PD  method  or  by  optical 
means.  The  results  of  the  comparison  are  shown  ir  Figure  64  tor  both  a  CT  and  a  CC  oecimen.  In  Table-  R  a 
detailed  comparison  is  given  for  the  CT-spec imen . 

The  results  indicate  that  in  general,  at  the  lower  AK  values,  the  measured  striation  spacing*  are 
larger  than  the  microscopically  determined  cyclic:  crack  growth  by  a  factor  of  approximately  1.7.  This 
situation  is  reversed  at  high  AK  values.  This  behaviour  may  be  explained  by  the  following  considerations. 
At  lower  AK  values  striations  are  difficult  ic  observe.  Only  the  larger  ones  tend  to  be  found,  resulting 
in  an  uVe res t imat ion  of  crack  growth  rate.  At  higher  AK  values  non-cyc lie  crack  growth,  e.g.  microvoid 
coalescence,  can  contribute  such  that  striation  spacing  does  not  reflect  the  overall  ^higher)  crack  growth 
rate . 


In  figure  6s  an  illustration  is  given  of  the  f ractographic  appearance  of  specimen  fT  8  at  various 
locations  |14‘.  From  these  photographs  it  is  clear  that  microscopic  crack  gtowth  directions  at  the  lower 
AK  values  can  deviate  considerably  from  the  macroscopic  growth  direction,  indicating  a  strong  trr.rro- 
structural  effect.  higher  AK  values,  microscopic  crack  growth  aligns  itself  roro  with  the  overall 

track  growth  direction. 


H .  DISCUSSION 

The  major  objectives  «-t  the  CORF  programme  were: 

familiarisation  of  the  participating  laboratories  with  new  test  techniques,  e.g.  the  potential  drop 
technique  and  automated  data  collection; 

standardization  of  test  specimens  and  test  techniques  lor  engine  disc  materials; 
calibration  of  the  participating  laboratories  to  gain  confidence  in  each  other's  results;  and 
material  data  collection,  vising  Ti-6A1-4V,  for  verification  of  life  prediction  techniques  used  in 
damage  tolerance  design  of  engine  discs. 

The  programme  succeeded  almost  completely  in  the  realization  of  the  above  objectives.  Standard  test 
specimens  were  selected  and  test  techniques  were  developed  and  standardized.  The  participants,  and  in 
addition  other  laboratories,  adopted  the  new  test  procedures  for  their  own  research  programmes  and  even 
require  that  testing  under  contract  be  carried  out  according  to  the  standardized  procedures. 

As  all  laboratories  applied  the  same  test  procedures,  their  results  could  easily  be  compared.  A  de¬ 
tailed  statistical  analysis  was  performed  to  indicate  possible  deviating  trends  in  individual  laboratory 
test  results.  However,  the  analysis  did  not  confirm  any  such  behaviour.  Individual  laboratory  results 
tail  within  expected  scatterbands  and  there  was  no  obvious  trend  indicating  a  particular  test  outcome  for 


certain  laboratories.  This  is  an  important  result  because  the  participants  have  now  been  mutually  cali¬ 
brated,  which  will  give  confidence  in  each  other's  future  test  results  without  the  need  of  continuous 
duplication . 

In  the  current  programme  a  large  amount  of  data  was  generated,  both  in  the  LCF  life  area  as  well  as 
in  the  crack  propagation  area.  The  data  will  be  used  as  baseline  data  for  the  SUPPLEMENTARY  programme  in 
which  the  effect  of  subeycies,  spectrum  loading  (simple  and  complex  sequences)  and  different  materials 
(with  different  grain  size)  will  be  investigated.  At  that  stage  the  baseline  test  data  will  be  used  for 
comoaring  material  behaviour  and  will  serve  as  input  for  the  various  life  prediction  models  to  be  applied. 
In  the  SUPPLEMENTARY  programme  the  appl icabi 1 i ty  and  limitations  of  these  models  will  be  addressed. 

The  applied  testing  procedures,  making  use  of  PD  measurement  techniques  and  automated  data  collect¬ 
ion,  proved  to  be  very  effective.  The  accuracy  of  the  system  can  be  brought  to  a  high  level  if  good 
quality  equipment  is  used,  together  with  a  careful  PD-inst rumentat i on  of  the  specimens.  Ultimately  a 
better  than  5  pm  crack  length  sensitivity  could  be  obtained  for  CC-specimens  and  about  a  10  pm  sensitivity 
tor  CT-spec imens .  It  should  be  realized  that  this  accuracy  is  based  on  the  real  average  crack  length.  Even 
if  the  same  accuracy  could  be  realized  with  optical  measurements  the  PD-method  would  still  be  in  favour 
because  the  optical  method  only  provides  a  surface  crack  length.  The  difference  in  crack  sizes  obtained 
can  be  quite  large;  with  the  CT-specimens  differences  of  about  1  mm  in  crack  length  between  the  surface 
and  the  average  value  were  measured. 

J.  CONCLUSIONS 

1.  Standardization  of  test  specimens  and  testing  procedures  allowed  comparison  and  calibration  of 

part ic ipat ing  laboratories. 

The  statistical  analysis  of  all  test  results  indicated  no  deviating  test  outcome  for  individual 
laboratories .  All  laboratories  fall  within  expected  scat terbands . 

1.  The  CORE  programme  ml  laborat  ive  effort  generated  a  large  amount  of  data  in  both  the  LCF  area  and 
Che  crack  propagation  area.  The  data  will  be  used  as  baseline  data  for  the  SUPPLEMENTARY  programme 
and  serve  as  input  for  the  life  prediction  models  to  be  applied  at  that  stage. 

4.  The  two  specimen  types,  CT  and  CC ,  provided  fatigue  crack  growth  information  for  through  thickness 
and  surface/corner  crack  flaw  geometries. 

5.  The  fatigue  crack  growth  data  results  indicated  that  the  CC  crack  growth  rate  data  were  between  30  to 
50  percent  slower  than  the  CT  data  for  given  values  of  AK  between  15  and  35  MPakm. 

6.  Two  numerical  techniques,  the  table  lookup  procedure  and  the  Paris  law  technique,  proved  suitable  as 
curve  fitting  models. 

7.  The  PD  technique  is  extremely  accurate  in  measuring  small  flaw  sizes  in  the  CC-spec imen  geometry.  A 

crack  length  measurement  sensitivity  down  to  5  pm  '  1  Ke  realised. 

1U.  REFERENCES 

(li  A.J.A.  Mom  and  M.D.  Raizenne;  AGARI)  cooperative  test  programme  on  titanium  alloy  engine  disc 

material.  In:  Damage  tolerance  concepts  for  critical  components,  AGARD  LP  393,  9/1-9,  1985. 
t2j  S.A.  "latter  and  J.T.  Hill;  Design  of  jet  engine  rotors  for  long  life,  paper  750619  presented  at  SAE 
Air  Transportation  Meeting,  Hartford  1975. 

,3)  C.G.  Annis  et  al;  Gas  turbine  engine  disk  retirement  for  cause:  an  application  of  fracture  mechanics 
and  NDE,  ASME-80-GT-127 . 

k4,  E.J.  Reed,  D.T.  Hunter  and  R.J.  Hill;  LCC  evaluation  of  advanced  engine  damage  tolerance  goals  for  a 
hot  section  disk,  AIAA-83-14U7 . 

.5,  T.D.  Cooper  and  D.M.  Forney;  Increased  inspection  requirements  for  critical  air  force  engine  compo¬ 
nents;  paper  presented  at  the  Air  Transport  Association  Non-destructive  Testing  Forum,  Phoenix, 
September  1982. 

[6]  C.H.  Cook,  H.E.  Johnson  and  C.F..  Spaeth;  Damage  tolerant  design  for  cold  section  turbine  engine  disks, 
AFWAL-TR-8 1-2045. 

17]  A.J.A.  Mom,  W.J.  Evans  and  A. A.  ten  Have;  Turbistan,  a  standard  load  sequence  for  aircraft  engine 
discs,  presented  at  the  AGARD  Specialists  Meeting  on  Damage  Tolerance  Concepts  for  Critical  Engine 
Components,  San  Antonio,  Texas,  April  1985;  AGARD  CP  393.  pp  20/1-1 1 . 

[b]  A.C.  Pickard,  C.W.  Brown  and  M.A.  Hicks;  The  development  of  advanced  specimen  testing  and  analysis 
techniques  applied  to  fracture  mechanics  lifing  of  gas  turbine  components,  in:  ASME  International 
Conference  on  Advances  in  Lite  Prediction  Methods;  Ed.  by  D . A .  Woodford  and  J.R.  Whitehead,  published 
b>  ASME,  New  York,  1983. 

[9]  A.J.A.  Mom;  Working  document  for  the  AGARD  cooperative  test  programme  on  titanium  allov  engine  disc 
material,  NLR  TR  84022  L,  1984. 

[10]  ASTM  E  739-80  "Standard  practice  for  statistical  analysis  of  linear  and  linearized  stress-life  (S-N)  a 
strain-life  (e-N)  fatigue  data". 

[11]  ASTM  Standard  Tesr  Method  E647-8?  "Constant-Load-Amplitude  latigue  Crack  Growth  Ra  tes  above  10F.—U8 
M/Cycle",  1983. 

1 12 j  M.S.  Miller  and  J.P.  Gallagher;  Art  analysis  of  several  fatigue  crack  growth  rate  (FCGR)  descript¬ 
ions",  ASTM  STP  738,  1981. 

[13]  P.  Paris  and  F.  Erdogan;  A  critical  analysis  of  crack  propagation  laws,  Trans,  Am.  Soc .  Mech.  Engrs, 

J.  bas.  Engng,  Vol.  85,  Series  0,  No.  4,  December  1963,  pp.  528-534. 

114]  M.  Yanishevsky;  NATO/AGARD  Ti-6A1-4V  engine  disc  material  cooperative  test  programme ,  QETE  report 
A046383,  April  1987. 


TABLE  1 

CORE  Programme  test  matrix 

Type  ot  cest 

LCF  life  /  crack  formation 

Crack  propagation 

Test  specimen 

i 

Smooth  Itiat  notched 

cylindrical  1  K  *  2.d 

corner  crack  ,  ASTM  CT 

Number  oi  specimens 

b  f> 

t  i 

potent i a  1 

CRACK  dr"!’ 

f  ■+ 

DETECTION 

TECHNiyits  '’P'*'31 

+ 

goal 

total  lite  total  life 

+  initial  crack 
t  «  rroa  r  ion 

"short"  crack  twtal 

range  da/dN  - 

AK  curv 

All  tests  conducted  .it 

L  room  temperature 

TABLE  2 

inimum  s;  <•«.  i :  : ed  .-.n*!  measured  nwuri. 

the  tw’  discs  tested 

il  properties  tor 

Material  spec i I  teat  ion 
minimum  value 


Room  temperature 
tensile  strength,  MPa 
0.2Z  yield  strength,  MPa 
X  elongation 
%  reduction  in  area 

1 'jO  °C  tensile  strength,  MPa 
0.2Z  yield  strength,  MPa 
l  elongation 
Z  reduction  in  area 

rotating  bend  fatigue  test 

10  cycles,  MPa 
LCF  tatigue  test,  R  *  0 
4 

10  cycles,  MPa 


fracture  toughness,  Wf/m 


*  minimum  value  not  specified;  target  minimum  is 


TABLE  3 

Fatigue  lite  test  results  on  IX  F  specimens  (B-O.l) 


Specimen  geometry 


|  Applicable  da/dN  range  (m/cycle) 


CT 

CC 


8.26E-08  to  1.1’OE-ub 
1.8UE-0?  to  1.96E-06 


c 

n 

&.3979E-12 
2.5987F-1 * 

TABLE  8 

Comparison  between  measured  striation  spacing  and  calculated  macroscopic 
growth  rate  based  on  PD-data  for  specimen  CT  12  (disc  WGWMD  1113) 


Distance  from 
notch  (mm) 

LK 

MPa/m 

Striation  spacing  (um) 
measured  from  lracture  surface  at: 

Macroscopic 
cracR  growth 
rate  (um/cycle) 
based  on 

P!)-data 

Relation  between 
macroscopic  growth 
rates  and  measured 
striation  spacing 

i  W 

i  •» 

J  W 

mean  value 

1 

15.0 

0.084 

0.094 

0. 0o9 

.046 

0.52 

1 .3 

15.8 

0.  103 

0.087 

0.095 

.  u65 

0.68 

2.0 

16.6 

0.150 

0.177 

0.090 

0.139 

.085 

0.61 

2.5 

17.5 

0.  164 

0.  168 

0.155 

0.162 

.  112 

0.69 

3.0 

18.3 

0.152 

0.  198 

0.217 

0.  189 

.  141 

0.75 

3.5 

19.3 

0.178 

0.277 

0.277 

0.244 

.  161 

0.66 

4.0 

20.3 

0.284 

0.291 

0.2’! 

0.265 

.  187 

0.71 

4.5 

21.3 

0.235 

0.325 

0.335 

0.  >98 

.215 

0.72 

5.0 

22.5 

0.245 

0.398 

0.504 

0.  .>82 

.251 

0.66 

5.5 

23.7 

0.297 

0.342 

0.322 

0.320 

.  281 

0.88 

6.0 

25.0 

0.417 

0.355 

0.414 

0.3y5 

.315 

0.80 

6.5 

26.5 

0.291 

0.462 

0.493 

0.415 

.418 

1.01 

7.0 

28.2 

0.459 

0.455 

0.568 

0.494 

.512 

i.Oi 

7.5 

30.0 

0.453 

0.660 

0.723 

0.612 

.  577 

0.94 

8.0 

32. 1 

0.612 

0.881 

0.726 

0.  74C 

.682 

0.92 

8.5 

34.4 

0.657 

0.702 

0.918 

0.759 

.807 

1.06 

9.0 

36.8 

0.902 

0.781 

1.10 

0.^29 

.98b 

1.06 

9.5 

39.7 

1.77 

1.06 

1.4', 

1.43 

1.29 

0.90 

10.0 

43.0 

1  .12 

1.12 

0.974 

1.08 

1  .  70 

1.57 

10.5 

46.8 

1.21 

1.70 

1.33 

1.41 

2.4 

1.70 

!  1.0 

51.4 

2.27 

2.05 

2.  16 

3.7 

1.71 
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0  INSPECTION  IF  NO  DETECTABLE  CRACK  THEN 

ac  =  CRITICAL  CRACK  SIZE 

RETURN  TO  SERVICE 

am=  MAXIMUM  ALLOWABLE  CRACK  SIZE  IN  SERVICE 

□  CRACK  FOUND  — ►REJECT  COMPONENT 

ad  =  CRACK  DETECTION  LIMIT 

J  fig.  1  Schematic  of  damage  tolerance  iifing  approach 
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a)  CYLINDRICAL  UNNOTCHED  LCF  SPECIMEN 


bl  FLAT  DOUBLE  EDGE  NOTCHED  SPECIMEN  IK,  *  2.2) 


THIS  DIRECTION 


GAUGE  LENGTH  TO  BE  CONCENTRIC  WITH  THREADEO  ENOS 
AND  TO  HAVE  SURFACE  FINISH  OA/ 


1  k  45°  CHF  BOTH  ENDS - j 


_ 3* _ _ M _ ^ 

18  J  I  PARALLEL  '  ^ _ ^ 


(NOTE  THREAO  DIMENSIONS  IN  BRITISH  UNITS') 


c)  CT-SPECIMEN 


d)  CORNER  CRACK  SPECIMEN 


Fig.  2  Specimens  used  in  the  programme 


IMPORTANT 

RETAIN  NOTCH  FACE  & 

SPECIMEN  POSITION  IOENTITY  ON  ALL  SEGMENTS 


AXIAL  VARIATION 


AXIAL  VARIATION 


SUPPORT 

WIRES 


I  *M 


NOTCH  POTENTIAL  ■  REFERENCE  POTENTIAL 


Potential  drop  instrumentation  of  dummy  corner  crack  specimen. 
The  50  jm  diameter  notch  probe  wires  are  located  on  both  sides 
of  a  100  ..m  deep  starter  notch  (not  visible). 

N.B,  For  actual  test  specimens  the  reference  probes  should  not 
be  welded  on  the  same  edge  (see  text) 


Fig.  11 


Potential  drop  versus  number  of  cycles 
during  fatigue  testing  of  the  corner  crack 
specimen  shown  in  Figure  10 


Fig.  12  Notch  voltage  versus  crack  length  for 
corner  crack  specimen 


Fig.  13  Markings  on  fracture  surface  of  corner  crack  specimen 
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Fig.  32  Fitted  relationship  between  fatigue  life  and  stress  range  for 
The  9;> !  confidence  interval  has  also  been  indicated 
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Fig.  34  Fitted  relationship  between  fatigue  life  and  stress  range  for  the  WfiWMD  1113  disc  data 
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Fig.  42  Comparison  between  various  radial  locations  in  the  disc  with  the  disc  median  curve  and  its 
associated  951  confidence  interval 


Fig.  43  Comparison  between  various  radial  locations  in  the  disc  with  the  disc  median  curve  and  its 
associated  95%  confidence  interval 
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Fig.  65  Fractographic  appearance  of  specimen  CC  8 
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SUMMARY 

This  revised  working  document  provides  a  detailed  lay-out  for  the  tests  to  be  performed  In  the  AGARD 
cooperative  test  programme  on  titanium  alloy  engine  disc  material. 
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1 .  INTRODUCTION 

Thi6  report  provides  a  working  document  for  the  actual  test  procedures  of  the  AGARD  Engine  Disc 
Material  Testing  progranne.  Aj.art  from  the  specimen  design  and  testing  procedure,  the  report  includes  a 
detailed  description  of  the  potential  drop  (PD)  measurement  system.  The  standard  test  procedure  as  de¬ 
scribed  herein  is  the  basis  for  the  collaborative  testing  as  performed  in  the  AGARD  CORE  programme,  for 
which  the  objectives  and  goals  have  already  been  presented  f 1 1 . 

Table  A1  shows  the  testing  matrix  of  the  CORE  programme. 

2.  SPECIMENS 

Four  standard  test  specimens  have  been  selected,  two  for  LCF  esting  and  two  for  crack  propa¬ 

gation  testing: 

smooth  cylindrical  specimen,  ■  1,  LCF-life,  see  Figure  Al-a; 

flat  double  edge  notched  specimen,  -  2.2,  LCF-life,  see  Figure  Al-b; 

AS7M  CT  (compact  type)-specimen,  crack  propagation,  see  Figure  Al-c; 

Comer  crack  (CC)-specimen,  crack  propagation,  see  Figure  Al-d. 

All  specimens  tor  the  CORE  programme  have  been  machined  at  one  location  from  Ti-oAl-4V  material,  which 
was  obtained  from  disc  forgings,  delivered  by  Rolls  Royce,  Derby.  The  orientation  of  the  specimens  was 
selected  in  such  a  way  that  the  envisioned  crack  plane  corresponded  to  the  crack  plane  to  be  expected  in 
service  i.e.  radial  *nd  perpendicular  to  the  disc  plane. 
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3.  TEST  PROCEDURES 

3.1  Smooth  cylindrical  specimen  (Figure  Al-a) 

3.1.1  General 

Simple  LCF  111.  lcscs  will  be  performed  on  this  specimen.  Check  firstly  the  loading  axiality  of  the 
test  bench/specimen  combination  by  the  measurement  of  axial  strains  on  opposite  sides  of  the  specimen 
test  section  under  elastic  loading  conditions.  The  loading  axiality  is  considered  acceptable  if  the 
maximum  difference  in  these  strains  is  below  3  Z. 

3.1.2  Test  conditions 

1.  Laboratory  air,  room  temperature. 

2.  Trapezoidal  loading  waveform;  R  ■  0.1,  f  -  0.23  Hz;  see  Figure  A2 . 

3.  Selection  of  stress  levels: 

Based  on  available  T1-6AI-4V  LCF-life  data  (see  Figure  A3)  it  is  estimated  that  for  anticipated 
lives  of  2000,  7000  and  25C0O  cycles  the  following  stress  levels  should  be  chosen.  (Note:  selected 
stress  levels  refer  to  the  low  end  of  the  scatterband  because  actual  testing  is  to  be  performed  at 
R  ■  0.1,  while  the  data  in  Figure  A3  are  for  R  =  0.1.): 


N  (cycles) 

stress  range  tMN/m^) 

2000 

850 

7000 

800 

25uuG 

L  750 _ 

Tests  should  start  at  the  750  MN/m  stress  level.  Select  additional  stress  levels  (based  on  the 
initial  test  result)  to  obtain  data  for  the  total  2000  -  2D, 000  cycles  range.  Note:  test  preferably 
two  specimens  at  each  stress  level! 

4.  The  o-c  hysteresis  loop  should  be  identified  (recorded)  for  each  specimen  at  each  stress  level.  The 
c-e  loop  chauges  especially  during  the  very  early  portion  of  the  fatigue  life  (perhaps  only  the 
first  few  cycles).  Thereafter  a  steady  state  condition  is  reached.  Try  to  record  a  number  of  c-e 
loops  until  steady  state  conditions  exist.  The  results  may  later  be  used  for  deriving  various  life 
relations.  The  storage  of  the  hysteresis  data  may  be  done  in  a  plotted  format  or  digitised  for 
follow-on  computer  analysis. 

3.2  Flat  double  edge  notched  specimen  (Figure  Al-b) 

3.2.1  General 

Simple  LCF  tests  will  be  performed  on  this  specimen;  however,  apart  from  the  number  of  cycles  to 
failure  the  number  of  cycles  to  "initiate"  a  certain  crack  will  also  be  measured.  Crack  initiation  is 
determined  by  using  the  potential  drop  (PD)  measurement  technique  which  is  able  to  register  small  cracks. 

3.2.2  Loading  axiality 

Check  the  loading  axiality  of  the  tes*-  frame /specimen  combination  by  the  measurement  of  axial 
strains  ««  the  v^pusite  surfaces  under  elastic  loading  conditions.  The  loading  axiaiity  is  considered 
acceptable  if  the  maximum  difference  in  strains  is  5  Z. 

3.2.3  Procedure  for  PD  instrumentation  and  measurement  (Figure  A4) 

1.  Attach  at  each  notch  one  set  of  potential  probes  diagonally  at  opposite  corners.  Use  Ti-wire  (for 
reasons  of  convenience  Pt-wire  might  also  be  used)  with  a  diameter  of  ca.  0.3  -  0.5  mm. 

Weld  the  wire  exactly  at  the  corner  so  that  the  contact  area  is  not  greater  than  0.5  x  0.5  mm 
(Figure  A4) 

Welding  equipment  which  may  be  used  is  e.g.: 

from  Hughes  Aircraft  Systems  (Weybridge  Surrey,  UK):  MCW  350  MC  power  supply  +  VTA-90  weld 
head,  or: 

from  Unitek,  California:  type  125  power  supply  +  type  32F  weld  head. 

2.  The  Ti-wires  will  probably  be  connected  to  (Cu)  potential  cables  which  're  connected  to  the  volt¬ 
meter.  Ensure  that  the  two  dissimilar  metal  joints  (Ti/Cu)  for  each  set  are  at  the  same  temperature 
in  order  to  avoid  thermally  induced  voltages. 

3.  Apart  from  the  two  notch  voltages  a  reference  voltage  should  also  be  measured.  Attach  the  T'-wire 
reference  leads  to  the  reference  block  as  indicated  in  Figure  A4 .  The  reference  block  Is  made  out  of 
the  same  material  as  the  specimen  (in  this  case  T1-6A1-4V) .  Mount  the  reference  block  to  the  machine 
frame  close  to  the  specimen. 

Note:  It  may  be  ditficult,  because  of  limited  equipment  capabilities,  to  measure  3  voltages  (2  notch 
voltages  and  the  reference  voltage).  In  that  case  one  of  the  notch  voltages  (the  one  which  does  not 
crack  initially)  can  be  used  as  the  reference. 

4.  Design  a  system  which  is  suitable  to  realise  a  uniform  current  distribution  through  the  specimen. 
Individual  laboratories  may  choose  their  own  approach  tailored  to  their  equipment  capabilities. 
Figure  A4  shows  one  of  the  possibilities  for  a  current  input  system. 

5.  Check  for  good  insulation  between  specimen  and  machine  frame. 
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6.  Measure  the  notch  and  reference  PD  values  during  che  test  at  both  current  on  and  current  off  con¬ 
ditions  (Figure  A5).  Correct  the  "current  on"  values  with  che  "current  off"  values. 

7.  Plot  the  normalized  notch  voltages  (V  ,  /V  .)  versus  cycles  and  determine  the  crack  formation 

notch  ref 

life  value,  ior  this  purpose  defined  as  the  number  of  cycles  at  which  ihe  normalized  notch  voltage 
is  1  X  above  the  initial  value.  Note  that  fluctuations  in  V  ,  (e.g.  due  to  noise)  may  obscure  the  1 
X  level  (this  is  especially  the  case  if  is  relatively  small  compared  to  vnotc^) «  that  case 

It  would  be  appropriate  to  neglect  V  provided  that  the  fluctuations  are  not  the  result  of  tem¬ 
perature  or  current  variations. 

8.  Assure  that  during  the  fatigue  test  enough  voltage  readings  are  made  to  enable  an  accurate  cyclic 
life  determination  at  the  1  X  increase  level  of  the  normalised  potential. 

9.  Preliminary  tests  showed  that  a  1  X  increase  in  PD  value  corresponded  with  a  crack,  of  0.6  mm  depth 
and  1.75  mm  surface  length. 

3.2.4  Test  conditions 

1.  Laboratory  air,  room  temperature. 

2.  Trapezoidal  loading  waveform;  R  ■  0.1;  f  m  0.25  Hz,  see  Figure  A2. 

3.  Selection  of  stress  levels. 

Based  on  available  TI-6A1-4V  notched  1.CF  life  data  (see  Figure  A6  for  K  *  2.5)  the  following  nominal 

stress  levels  are  chosen  for  anticipated  total  lives  of  respectively  2600,  7000  and  25000  cycles: 


N 

nominal  stress  range  (MPa) 

2000 

775 

7000 

625 

25000 

Note  that  the  data  Indicated  in  Figure  A6  refer  to  a  specimen  with  a  of  2.5  whereas  che  flat  double 

edge  notched  specimen  contains  two  notches  with  a  Kt  of  2.2.  Adjust  the  applied  stress  ranges  if  test 
results  show  this  to  be  necessary.  Test  two  specimens  at  each  stress  level;  begin  with  the  625  MPa  level. 

3.3  Compact  type  (CT)  specimen  (Figure  Al-c) 

3.J.1  General 

Crack  propagation  tests  will  be  performed  on  this  specimen  using  the  same  trapezoidal  vaveform  as 
already  mentioned  before.  Crack  length  measurement  is  carried  out  by  using  the  PD  technique,  making  use 
of  a  calibration  formula. 

3.3.2  Procedure  for  PD  instrumentation  and  measurement  (see  also  Figure  A7) 

1.  Drill  and  tap  holes  (M3)  and  attach  current  input  and  output  studs  at  the  locations  indicated  in 

Figure  A7.  The  stud  'ocation  must  be  checked  and  should  be  within  0.2  mm. 

2.  Attach  current  leads  also  to  the  reference  block.  The  reference  block  must  be  of  the  same  material 

as  the  specimen. 

3.  Check  for  good  insulation  between  specimen  and  machine  frame  (infinite  resistance).  The  specimen  may 
be  insulated  by  insulation  of  the  loading  pins  within  the  clevis  or  by  insulation  of  the  clevis  to 
the  machine,  e.g.  by  attaching  the  (threaded  end  of  the)  clevis  to  the  swivel  as  e.g.  shown  in 
Figure  A4. 

4.  Weld  PD  wires  to  the  edge  of  the  notch  at  diagonally  opposite  corners.  Use  Ti-wire  with  a  diameter 
of  about  0.3  -  0.5  mm.  Ensure  that  the  contact  area  of  the  weld  is  not  greater  than  0.5  x  0.5  mm. 

For  reasons  of  convenience  Pt-wire  may  also  be  used  instead  of  Ti-wire.  Ti-wire,  however,  diminishes 
thermal  voltages. 

5.  Attach  the  Ti  PD  wires  to  the  potential  cables  which  are  connected  to  the  voltmeter.  Ensure  that  the 
two  dissimilar  metal  joints  are  at  the  same  temperature  to  avoid  thermally  induced  voltages. 

6.  Measure  the  notch  voltage  and  adjust  current  to  give  an  initial  voltagf  in  the  range  1.6  -  1.9  mV. 

This  should  correspond  to  a  current  of  approximately  7.5  A. 

7.  Attach  the  reference  wires  (also  Ti)  to  the  reference  block  such  that  the  measured  PD  Is  approxi¬ 
mately  equal  to  the  notch  voltage. 

8.  Attach  the  reference  wires  to  potential  cables  leading  to  the  voltmeter.  Ensure  the  same  temperature 
at  the  two  dissimilar  metal  joints. 

9.  Support  all  PD  wires  such  that  no  weld  failures  will  occur  during  the  test. 

IU.  Allow  the  PD  signals  to  stabilise  before  the  start  of  the  test. 
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11.  Record  at  the  onset  of  the  test  the  notch  and  lererenre  PD  values  and  the  correspcmdi ng  crack  length 
for  calibration  purposes. 

12.  Record  during  the  test,  at  appropriate  intervals,  the  notch  and  reference  PD  values.  Data  sampling 

should  be  done  such  that  at  least  100  but  no  more  than  500  data  prints  are  recorded. 

13.  Record  the  final  notch  and  reference  PD  values  at  the  end  of  the  test.  Determine  the  final  average 

crack  length  (see  also  point  14)  on  the  fracture  surface.  The  results  are  to  be  used  for  calibration 

purposes. 

14.  The  final  average  crack  length  is  easily  determined  by  heat  tinting  (-  30  min.  at  500  °C;  lower 
temperatures  may  also  be  applied)  and  a  subsequent  tensile  test  resulting  in  specimen  tailure. 

If  ic  tc  be  avoided,  L^^Juse  e.e.  Me  fracture  surface  will  be  used  for  detailed 

f ractographlc  investigation,  the  final  crack  length  can  also  be  measured  either  in  the  scanning 
electron  microscope  or  directly  by  optical  means  dependent  on  the  visibility  of  the  transition  be¬ 
tween  the  fatigue  and  overload  area. 

15.  The  finai  average  crack  length  Is  determined  by  averaging  5  measurements  taken  at  0,  25,  50,  75  and 
1U0  Z  of  the  specimen  width. 

lb.  Calculate  the  crack  length  tor  all  data  points,  making  use  of  the  well  known  final  crack  length,  out 
of  the  calibration  curve  (Figure  A8  (2j)  or  the  calibration  formula: 


2  3 

<§>  +  <§' 


u) 


notch  voltage 


*  notch  voltage 
size  0) 


the  start  of  the  test  (crack 


■  reference  voltage 

■  reference  voltage  at  the  start  of  the  test 


3 


0.5766 
1.9169 
-1.0712 
1 .6898 


or  (in  reversed  notation): 

V/V 

w  "  B  +  B,  -- 

i  el/.. 


V7  V 

2 

V/V 

o 

v  7, 

+  B3 

V 

rei/vJ 

.  «t/v 

U) 


-0.5051 
0.8857 
-0.1398 
2. 398.10" 


),  the  final  reference  voltage 
.litial  nctch  voltage  V 


For  example:  with  t-)^,  ^  the  value  of  — - - can  be 

1  ‘  1  ref .  . '  ref 

tlOal  o 

calculated.  Making  use  of  the  final,  measured  notch  voltage 

(V  ,  )  and  the  initial  reference  voltage  V  the  value  of  the 

ref  .  .  ret 

t  inai  o 

(according  to  the  calibration  curve)  can  be  calculated.  This  value  may  not  correspond  to  the 
actually  measured  initial  notch  voLtage,  which  may  be  due  to  an  inaccuracy  in  final  crack  length 
measurement  (or  averaging  method)  or  to  the  effect  of  plastic  zone  format ior  (see  alyc  {.oint  ib). 
Making  use  of  this  calculated  initial  notch  voltage  the  crock  length  at  every  data  point  (V  versus 
b;  can  now  be  calculated  with  equation  (2). 


if  the  noise  level 


no  t  c  h 

of  current  or  temperature  variation. 


compared  to 
ot  the  result 


18.  During  the  initial  part  of  the  test  on  the  CT-sppc itr.ens  the  notch  voltage  will  firstly’  increase  nrii 
afterwards  see  Figure  A9.  This  is  one  of  the  reasons  not  to  use  the  measured  initial  note 

voltage  for  crack  length  calculation  but  instead  the  calculated  initial  notch  voltage  (see  also 
point  16). 
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3.3.3  Tesc  conditions 


1.  Laboratory  air,  room  temperature. 

2.  Trapezoidal  loading  waveform  (NB:  see  also  point  6);  R  -  0.1;  £  =  0.25  Hz,  see  Figure  A2 . 

3.  For  Ti-disc  materials  we  are  especially  interested  in  crack  growth  races  between  approximately 

5.10  and  10  ^  mm/cycle.  This  refers  to  crack  growth  rates  normally  encountered  in  service.  There- 
tore,  and  also  based  on  Figure  A10  '3],  the  AK-valucs  mentioned  further  on  have  been  selected  for  the 
tests. 

3/2 

4.  Precrack  the  first  specimen  at  AK  -  13.5  MN/m  CAP  *  5.b7  WN)  and  continue  the  le:»i  with  the  same 

load.  Stop  the  test  at  AK  *  55  (K  *  60  MN/m^“);  this  corresponds  with  u  crack  length  of 

max 

about  1 L . 5  mm. 

Caution:  because  of  the  crack  front  curvature  at  the  specimen  surface  the  surface  crack  length 
underestimates  the  average  crack  length.  Therefore,  build  in  some  additional  safety. 

For  the  calculation  of  the  stress  intensity  factor  the  following  formula  is  used  (valid  for  a/W  be¬ 
tween  0. 2  and  1 ) : 

K  -  — ,£(a/W)  where 

1  Bi-V 

f  (f)  -  -2  +  —yp;  {0.88fe+<..fcWU-n.32<a/W)2+14.7i(3/w>,-5.6(a/V)<l) 

U-a/W> 

lo  facilitate  the  calculation  of  K  ,  values  of  f(a/W)  are  tabulated  in  Table  A2  for  specuic  values 
of  a/W.  1 

3/2 

5.  With  the  first  specimen,  starting  at  AK  *  13.5  MN/m  ,  the  crack  growth  curve  is  determined  for 

-4  -5 

growth  rate  values  above  10  mm/  cycle.  Extrapolate  the  crack  growth  curve  to  10  mm/cycle  and  de¬ 
termine  the  corresponding  AK  value.  Start  the  test  with  the  second  specimen  at  this  value  and  con¬ 
tinue  (with  the  same  load  applied)  the  test  until  a/W  “  0.65.  The  third  specimen  may  be  used  to 

check  the  data  already  obtained  with  the  two  previous  tests. 

6.  Precracking  and  load  shedding  may  be  applied  to  prevent  very  long  initiation  times.  If  load  shedding 
is  performed  then  this  should  be  done  according  to  ASTM  E  647  (latest  revision). 

Precracking  is  carried  out  using  sinusoidal  loading.  During  Ll.t  actual  cesc  trapezoidal,  loading 
should  be  applied;  however,  in  the  case  of  low  crack  growth  rates,  which  seriously  retard  the  test 

duration,  sinusoidal  loading  (5  Hz)  is  also  allowed.  In  that  case  the  test  should  be  stopped  at  high 

load  and  at  regular  intervals  if  so  required  for  the  PD  measurements,  see  Figure  All.  Ensure  that 
both  current  on  and  current  ofi  measurements  are  carried  out  when  the  current,  and  hence  the  signal, 
is  sufficiently  stabilised. 

Compare  the  crack  growth  rates  for  the  high  and  low  frequency  waveforms. 

J.4  Corner  crack  (CC)  specimen  (Figure  Al-d) 
j.4.1  General 

Crack  propagation  tests  in  the  "phys Leal ly"  short  crack  regime  will  be  performed  on  this  specimen 
using  the  same  trapezoidal  waveform  as  already  mentioned  before.  Crack  length  measurement  is  carried  out 
by  using  the  PD  technique,  making  use  of  a  calibration  formula. 

3.4.2  Loading  axiality 

Check  the  loading  axiality  of  the  test  bench/specimen  combination  by  the  measurement  of  axial 
strains  (under  elastic  loading  conditions)  on  opposite  surfaces.  The  loading  axiality  is  considered  ac¬ 
ceptable  if  the  maximum  difference  in  strains  is  5  7. 

3.4.3  Procedure  for  PD  instrumental  ion  and  measurement  (see  also  Figure  A12) 

The  procedure  outlined  below  is  based  on  a  detailed  Rolls  Rovce  PD  measurement  procedure.  Where  ne¬ 
cessary  some  minor  deviations  from  this  procedure  have  been  made. 

Note:  The  PD  technique  is  uptional  for  this  specimen!  Crack  growth  should  •  1  so  be  measured  optically 
(see  further  on,  point  13). 

1.  Spot  weld  a  50  pm  0  titanium  probe  wire*  to  each  support  wire,  see  Figure  A12.  Heat  input  should  be 
preferably  lower  than  0.5  Watt-second. 

2.  Assemble  the  4  PD  lead  support  wires*  in  a  ceramic  holder  using  refractory  cement.  If  desired  the 
support  wires  may  also  be  eliminated;  twist  in  this  case  the  two  fine  50  um  wires  from  the  notch  to 
the  measurement  points. 

*  Whenever  possible  the  support  wires  and  the  PD  probes  should  be  of  the  same  base  material  as  the 
test  piece;  for  this  programme  pure  Ti-wires  are  recommended;  however,  Pt  wires  may  also  be  used. 

3.  Cement  the  ceramic  block  to  one  of  the  faces  of  the  test  •'"t  rnntainino  the  notch  and  6ont 

weld  a  probe  wire  on  either  side  of  the  notch  as  shown  in  Figure  A12.  It  is  critical  for  the  probe 
wire  to  be  located  right  on  the  edge  of  the  notch  because  the  PD  calibration  is  strongly  dependent 
on  z,  the  separation  of  the  probes  (see  Figure  A 1 3  [2]). 
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4.  Spot  weld  the  remaining  wires  to  the  test  piece  away  from  the  notch  as  shown  in  Figure  AI2.  These 

will  be  used  to  monitor  a  reference  potential.  The  reference  wires  may  also  be  welded  on  one  of  the 

3  edges  not  containing  the  notch. 

3.  Check  each  wire  for  good  electrical  connection. 

6.  Check  that  the  specimen  grips  are  fully  insulated  from  the  machine  and  that  they  are  correctly 
aligned  (see  above). 

7.  Mount  the  specimen  i..fc  the  machine,  being  carefui  not  to  disturb  the  welds. 

8.  Attach  current  leads  to  the  Lcai  specimen,  or  to  another  (e.g.  the  specimen  grips)  location  assuring 

good  current  uniformity  (see  also  remarks  about  the  flat  double  edge  notched  specimen). 

9.  Secure  2  thermocouples  to  test  piece  as  shown  in  Figure  Ai2  (only  optional,  not  necessary  for  CURfc- 
programme) . 

10.  Make  the  necessary  connections  (PD,  thermocouple  etc.)  to  the  measurement  system. 

11.  Switch  current  on:  15A.  (If  equipment  capabilities  do  not  allow  this  current  then  choose  your  own 
value.)  At  this  current  the  PD  value  over  the  crack  will  increase  from  about  100  uV  to  over  2000  pV. 

12.  Allow  the  PD  signals  to  stabilise. 

13.  Surface  crack  length  measurements  should  in  principle  be  carried  cut  by  optical  means,  e.g.  bv  a 
travelling  microscope  arrangement.  Don't  use  replicas  because  this  may  affect  crack  growth  be¬ 
haviour.  The  PD  measurement  system  may  be  used  solely  if  it  turns  out  that  the  accuracy  gained  by 
the  PD  method  is  at  least  equal  to  the  optical  measurement  accuracy.  The  resolution  of  the  optical 
crack  length  measurement  should  be  better  than  0.0b  mm. 

Try  to  avoid  stopping  the  machine  for  crack  length  measurement;  dwell  elfects  at  load  can  alter 
iatigue  crack  growth  behaviour.  Take  photog-aphs  if  this  will  help  in  crack  growth  measurement. 

14.  Start  the  test  using  a  constant  load  amplitude  and  grow  the  crack  to  a/W  *=  0.5  maximum.  Clearly  this 
will  be  determined  by  the  fracture  toughness  of  the  material. 

15.  Record  at  appropriate  crack  lengths  the  corresponding  notch  and  reference  PD  values  for  current  on 
and  off  conditions  (Figure  A5). 

lb.  Avoid  breaking  the  specimen  juring  the  fatigue  test.  Stop  the  test  at  a/W  =  0.5  maximum  (this  de¬ 
pends  on  see  further)  and  measure  the  final  notch  voltage.  This  is  necessary  for  obtaining  the 

final  notch  voltage/crack  length  pair  for  calibration  purposes.  To  prevent  static  crack  growth 
during  the  final  measurement  it  is  recommended  to  stop  the  test  at  AK  * 

55  MN/m3/2  (or  n  -  60 

max 

17.  Measure  the  final  average  crack  length  or  the  fracture  surface  (and  the  initial  track  length  used  in 
the  calibration  where  possible). 

The  optical  measurement  of  the  final  crack  length  can  easily  be  performed  after  heat  tinting  the 
specimen  at  the  end  of  the  test  (e.g.  30  minutes  at  500  °r  although  a  temperature  as  low  as  350  °C 
may  also  be  used)  and  by  a  subsequent  tensile  test  to  failure. 

Heat  tinting  may  negatively  affect  the  recognition  of  detailed  ieatuies  on  the  fracture  surface  of 
the  specimen.  If  individual  laboratories  would  like  to  perform  a  fracture  surface  invest igat inn  it 
is  therefore  recommended  not  to  heat  tint  but  to  measure  the  final  crack  length  in  the  scanning 
electron  microscope,  or  by  optical  means  if  the  distinction  between  fatigue  and  overload  area  can  be 
easily  recognised. 

18.  The  final  average  crack  length  is  obtained  by  averaging  5  radial  measurements  taken  at  (£-  ,  22.5s, 
45°,  67.5°  and  9f°  starting  from  the  crack  corner. 

19.  The  calibration  procedure  o:  notch  voltage  to  crack  length  for  the  CC-spec  inter  is  as  follows: 

-  determine  the  final,  average  crack  length  and  the  corresponding  notch  voltage; 

draw  a  straight  line  from  this  data  point  to  the  origin  (this  may  bt  periormed  if  ?/W  0.U5, 

see  Figure  A13); 

compare  the  slope  of  this  line  to  the  slope  of  the  calibration  curve  (Figure  AI3). 

3.4.4  Test  conditions 

1.  Laboratory  air;  room  temperature. 

2.  Trapezoidal  loading  waveform  (N.B.  see  also  point  5);  R  =  0.1;  f  =  0.?5  Hz,  see  Figure  A2. 

3.  For  Ti-disc  mater;als  in  the  "shoi t"  crack  regime  we  are  interested  in  crack  growth  rates  between 

approximately  5.10  ^  and  10  ^  mm/  cycle.  This  refers  to  crack  growth  rates  normally  encountered  in 
service.  Therefore  select  a  All-value  of  about  15  MPa»m  to  start  with  at  a  *  0.3  mm  (see  also  point 
6). 
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The  stress  intensity  actor  at  the  specimen  surface  can  be  calculated  using  the  formula: 

kj.  -  1.16  ^  c/na ,  approximately  valid  for  ^  <  0.2 

surface 


For  higher  values  of  -  the  formula  has  the  following  form: 

to 

K1  f  -  Jl-^-0-13  5  +1 .84  (i)"+ 0.n(§)3  «.8(i)4  j*  ,..-a 
surface  [  '  •  '  '  '  '  1 

A  graphical  representation  is  given  in  Figure  AI4  [  4  j . 

it  is  clear  from  this  figure  that  the  stress  intensity  factor  at  an 

K  ,  .At  a/W  *  n  *•  K,  _0  is  more  than  10  Z  : _  n 


n  angle  ol  45°  is  different  from 
.  Because  the  PD  technique  pro- 


surface  45  surface 

vides  information  on  the  mean  crack  size  it  is  therefore  logical  to  use  also  a  mean  K-value  for  the 


Based  on  the  data  given  in  a  paper  of  Pickard  C5]  the  ratio  between  K  _  and  K.,t 
r  surface  45 

ted  in  Figure  A15.  Assuming  a  quadratic  curve  through  the  data  points  (only  for  a/W 


some  deviation)  the  value  of  K, 


can  be  expressed  in  terms  of  K 


has  been  plot- 
>  0.5  is  there 


is  now  easily  derived: 


-  tU. 97-0. 09  (a/W)  }K  . 

surface 

For  the  final  calculation  of  the  test  results  the  two  above  given  equations  for  k  ,  ifor  a/W  • 

1  surface 

0.2  and  a/W  >  0.2)  should  therefore  simply  be  multiplied  with  the  factor  {0.97-0.09  (a/W)*-*  to 


is  only  small,  only  the  K 


values  will  be  given  for  describing  the  test  conditions. 


Initiate  a  fatigue  crack  from  the  notch  using  an  alternating  stress  of  540  MN/m  (Maximum  stress  = 
2 

600  MN/m  ;  R  -  0.1).  This  corresponds  to  an  alternating  stress  intensity  at  the  side  surfaces  or  the 
specimen  of  AK  =  11.2  MN/ra^^  (a  *  0.25  mm). 

At  an  alternating  stress  intensity  AK  ■  11.2  MN/ra  the  crack  growth  rate  is  estimated  to  be  2.10 
mm/cycle  (see  Figure  A10  [3]).  This  means  that  if  the  normal  test  frequency  were  to  be  used 
(15  cycles/minute)  every  0.1  mm  of  crack  growth  would  take  about  5  hours.  Therefore  initially  a  test 


frequency  of  5  hz  is  recommended.  A  crack  size  increment  of  0.1  mm  (5U00  cycles)  will  then  occur 
within  -  1000  seconds  (-  15-20  minutes).  Return  to  a  frequency  of  15  cycles/minute  when  a  =  0.5  mm. 
If  the  load  is  held  constant  during  the  test  this  will  give  the  following  Ak  levels  at  the  corres¬ 
ponding  surface  crack  lengths: 


a  (mm) 

3/2 

AK(MN/m  7  ) 

0.25 

11.2 

0.5 

15.8 

1.0 

22.4 

2  .  U 

31.6 

6.0 

88 

If  the  above  stress  intensities  are  used  the  appropriate  and  realistic  crack  growth  rate  values 
-4  -3 

(between  10  and  10  tmn/cycle)  occur  in  the  physically  shorr  crack  regime. 

If  the  crack  growth  races  encountered  do  not  agree  with  the  above  indicated  values  then  the  applied 
sLiesb  iev«is  should  be  corrected  so  that  appropriate  crack  growth  “-es  are  obtained.  ‘  ,'r'r,:it  the 
coordinators.  In  coordination  with  the  first  laboratory  doing  the  test  they  will  decide  which  ad¬ 
justments  should  be  made  and  communicate  the  new  stress  levels  .o  all  other  laboratories. 


6.  Ii  the  stress  intensity  used  for  crack  initiation  is  too  low  then  a  higher  (e.g.  20  %  higher)  stress 
intensity  may  be  chosen.  If  the  crack  Initiates  at  the  higher  stress  intensity  a  subsequent  load 
reduction  may  be  carried  out  (if  necessary)  to  obtain  appropriate  crack  growth  rates  (between  10 
-3 

and  10  mm/cycle)  between  a  -  0.5  -♦  2  mm. 

This  procedure  will  be  illustrated  by  the  following  simple  example: 

3/2  2  1 

a  =  0.25  tnm,  assume  at  AK  -  11.2  MN/m  (Ac  *  340  MN/m  ;  c  :  60  ♦  600  MN/m*')  no  crack  initiation; 
then  increase  stress  level  20  !!.; 

3/2  ?  ? 

a  *  0.25  mm,  AK  ■  13.4  MN/m  (Ac  *  650  MN/m  ;  o  :  72  +  722  MN/m  ). 
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If  the  load  is  held  constant  then  this  will  result  in: 

a(mm)  AK(at  Ao  =  650  MN/m")  AK(at  Ac  *  5*0  MS/m") 

0.25  13.4 

0.30  14.7 

0.35  15.8 

0.40  16. V 

0.50  18.9 

continue  testing  at  this  load  level 

7.  Test  the  3  specimens  such  that  a  reliable  determination  ot  the  total  crack  growth  curve  is  obtained. 
4.  FORMAT  FOR  THE  DELIVERY  OF  TEST  RESULTS 


reduce  load  to  ^  ^ 
original  level  |4] 
15.8 


All  CORE  programme  results  should  be  sent  in  to  the  coordinators  according  to  the  following  format: 
Smooth  cylindrical  specimen 

1.  Specimen  number  2 

2.  Stress  level  (Ac);  MN/nj" 

3.  Cycles  to  failure  N, 

4.  Additional  comments,  if  necessary. 

Flat  double  edge  notched  specimen 

1.  Specimen  i. umber  ? 

2.  Stress  level  (Ac);  MN/nT 

3.  Cycles  to  crack  formation  (1  T,)  .  N\ 

4.  Cycles  to  failure 

5.  Additxu».ai  cuuwients,  if  necessary. 


Compact  type  specimen 

1.  Specimen  number 

2.  da/dN  -  AK  curve  on  supplied  graphical  paper 

J.  50  data  sets  (a  versus  N^)  representing  the  total  a  versus  N  curve.  The  data  delivered  by  the 

various  Laboratories  will  all  be  handled  similarly,  using  a  secant  procedure,  to  obtain  represen¬ 
tative  da/dN-  AK  curves 
4.  Additional  comments,  if  necessary. 


Corner  crack  specimen 

1.  Specimen  number 

2.  da/dN  -  AK  curve  on  supplied  graphical  paper 

3.  50  data  sets  (a  versus  N.)  representing  the  total  j  versus  N  curve.  The  data  delivered  by  the 
various  laboratories  willaall  be  handled  similarly,  using  a  secant  procedure,  to  obtain  repre¬ 
sentative  da/dN-  AK  curves 

4.  Additional  comments,  if  necessary. 
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Fig.  All  Potential  drop  data  sampling  at  high  frequency  CT-specimen  testing 
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CjKj'iaence  band  j'ar  the  ±ki  ire.  ncdiar:  S  -  .V  cuz'.'e 


The  confidence  band  for  the  entire  log  N  -Ac  curve  is  calculated  using  the  following  equation: 


Y  »  A  +  BX  t Jit  v  r  + 

v  p  k 

in  which  is  given  in  Table 
statistical  degrees  of  freedom 


(X  -  X)2 


i  <x  -  x)2 

1*1  J 

B2.  This  table  contains  two  entry 
for  F.  For  the  above  equation  n^ 


parameters 
3  2  and  n.. 


n  ana  n., ,  which  are 
*  k-2 . 


the 


Testing  of  the  applicability  of  the  linear  model 

The  linearity  control  test  can  only  be  performed  if  t‘ e  programme  was  pLanned  such  that  tests  w 
performed  at  at  least  three  different  X.  levels  (Ac  -  levels)  and  that  at  least  one  ot  the  tests  was 
duplicated. 

The  procedure  is  as  follows: 

Assume  1)  the  log  life  of  the  j-th  replicate  specimen  tested  at  the  i-th  level  of  X  is  given  the  val 

Y.  . 

ij 

2)  fatigue  tests  were  conducted  at  i.  different  values  of  X 

3)  replicate  values  of  Y  are  observed  at  each 

then  the  hypothesis  of  linearity  is  rejected  when  the  computed  value  of 

i  A  ? 

L  Oj  '  Y  )  /  U  -  2) 

i°l _ 

i  m  y 

1  I  'Yi,  -  V  '  (k  •  ° 

i-1  j=l  J 

exceeds  F  ,  where  the  value  of  F  is  read  from  Table  B2  for  the  chosen  significance  level  ot  S?  i. 
P  P 

table  has  two  entry  parameters  and  n.,;  for  this  case  n^  »  t  -  2  and  n,  =  k  -  S.. 

Note  that  the  total  number  of  specimens  tested  is  given  by 

i 

k  =  V  m 
1=1  1 
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